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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
 
Introduction of maize  
  Maize (Zea mays L. ssp. mays) is one of the world's most important crops. Maize was domesticated from Zea mays L. ssp. parviglumis approximately 10,000 years ago in the Balsas River Basin of southwestern Mexico(Hufford et al., 2012). During domestication significant phenotypic transformations (e.g., tiller number, seed architecture, and structures of inflorescences ) occurred as compared to the wild ancestor. After domestication, maize has been subjected to a continuous breeding history to gradually improve its yield  and other agronomic traits, including modern breeding efforts to produce hybrid maize lines.    
Review of Genome Structural Variation (SV)     Structural Variation (SV) is defined as genomic variation affecting a sequence of more than 1 kb in length including insertions/deletions(INDELs), duplications, inversions, translocation and other genome rearrangements (Feuk, Carson, & Scherer, 2006). SV has been detected in many genomes and is often extensive. For example,  it is estimated that up to 12% of the human genome is subject to SV (Redon et al., 2006). SV is not evenly distributed in genome; regions with high and low frequencies of SVs exist in both major crops and model plants (Pang et al., 2010).     SV is thought to be an important factor in determining phenotypic variation for a wide range of traits (Stankiewicz and Lupski, 2010). In humans, SV has been reported to be associated with autism, schizophrenia and Crohn’s disease (Baker, 2012). In plants, SV has been hypothesized to be a driving force behind phenotypic variation (Chia et al., 2012) . Copy Number Variation (CNV), a type of SV that certain regions of genome have abnormal number of copies, sometimes exhibit strong  associations with specific biological functions. Early in 1991, Lupski et al. found the first case that the hereditary neuropathy Charcot-Marie-Tooth disease is associated not with an abnormal version of a particular genetic region but instead with the presence of an extra copy of the normal version (Lupski et al., 1991). Subsequently, numerous cases of CNVs for specific genes or gene families have been associated with different traits. Examples from plants include:  boron toxicity tolerance and winter hardiness in barley (Sudmant et al., 2010; Sutton et al., 2007) and dwarfism and flowering time in wheat (Díaz-Castillo, Xia, & Ranz, 2012). In Arabidopsis it has been reported that under stress conditions, after 5 generations of culture, novel CNVs are observed (DeBolt, 2010),which suggests that CNVs can rapidly emerge and be fixed by various selective processes such as breeding if they have positive phenotypic effect.   
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Overview of Structural Variation in Maize Genome     Maize is a species with extraordinary levels of diversity at the genomic (Buckler, Gaut, & McMullen, 2006), transcriptomic (Flint-Garcia et al., 2005; Stupar & Springer, 2006; Swanson-Wagner et al., 2006) and phenotypic (Buckler et al., 2006; Flint-Garcia et al., 2005) levels.  At the genomic level, it exhibits a high level of Single Nucleotide Polymorphisms (SNPs; Vroh Bi et al., 2006), INDEL Polymorphisms (IDPs; Fu et al., 2006), and SV (Buckler et al., 2006; Messing & Dooner, 2006). The frequency of SNPs among maize inbreds is about 10 times higher than that in human. In 2009, the completion of the first draft sequence of maize genome (Schnable et al., 2009) was the starting point for systematic studies of genome variation among maize lines. Initially, these studies were focused on the high throughput discovery of SNPs and their application as markers for Genome-wide Association Studies (Gore et al., 2009). But growing evidence showed that SV can affect phenotypic variation. The majority of SVs within maize are duplications, deletions and insertions among inbreds (Scherer et al., 2007). Nearly 85% of the maize genome is covered by transposable elements (Schnable et al., 2009). The activity of these transposable elements can shuffle the gene space, resulting in CNV (both gains and losses). A special case is the deletion of unique regions in chromosomes. Those regions that are present in one haplotype but entirely missing in other haplotypes are termed as presence-absence variation (PAV; Springer et al., 2009).   
Array CGH Based approaches to study Structural Variation The introduction of array-based technologies has opened the door to large-scale assessments of the complexity of SV. Array-CGH is the comparative hybridization of two labeled samples, usually a test sample and a reference sample, to a set of hybridization targets (probes) on an array. The ratio of hybridization signals obtained at each probe from the two samples is related to copy number. Consequently, the ratio of hybridization signals of the two samples can be used to estimate relative copy number differences.  Since the first publication using CGH (Kallioniemi et al., 1992) and the first genome-wide array CGH analysis of genomic DNA (Snijders et al., 2001). Array-based screening has replaced karyotyping as the primary tool for the study of CNVs. It can analyze large number of samples at lower cost, which is essential for sampling the large population sizes necessary for Genome-Wide Association Study (GWAS). There are two types of major commercial DNA arrays-- CGH arrays with 50-100 bp long oligo-nucleotide probes and SNP arrays with <30 bp short probes. Both arrays target the non-repeat regions of sequenced genomes or transcriptomes. Both long-oligo CGH arrays and short-oligo SNP arrays can be used for the study of SV. CGH arrays are hybridized with two labeled 
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samples (channels) per microarray, while SNP arrays usually are hybridized with only a single sample (channel) per microarray. Both CGH arrays and SNP arrays combine information from multiple probes to call SV. Compared to short-oligo SNP arrays, long-oligo CGH arrays have higher signal-to-noise ratio per probe. Generally, the longer oligo nucleotide probes on CGH arrays are only sensitive to large sequence variations such as INDELs or CNVs, while SNP arrays are designed to detect previously defined SNPs located at exactly in the middle of probe sequences. Commercial and custom CGH & SNP arrays can contain tens of millions of probes and detect variation at Mb to Kb resolution.  
    
Array based genotyping and mapping   One of the goals of functional genomics is to understand the function of each individual gene. This can be achieved via at least two approaches: forward genetics and reverse genetics (Candela and Hake 2008; Jander et al. 2002; Peters et al. 2003).  Forward genetics attempts to identify genes and other genomic elements that when mutated result in a particular phenotype.  In contrast, reverse genetics attempts to discover the function of a given gene or other genomic element by analyzing the phenotype that results following its mutation.   Forward genetics tries to identify the locus responsible for a phenotype by comparing the DNA of mutant individuals with non-mutant individuals. Mapping the causative locus can be achieved via linkage mapping and or association mapping. In either approach the relationship between phenotype and the causal genomic variation is determined by identifying correlations between genetic markers and phenotypic scores. Genetic markers can be defined as "heritable polymorphisms that can be measured in one or more populations of individuals"(Davey et al., 2011). They are widely used in areas such as population genetics, quantitative genetics, ecological genetics and evolutionary genetics. Ideal genetic markers are evenly distributed across the genome and can be measured easily and inexpensively (Luikart, England, Tallmon, Jordan, & Taberlet, 2003). Traditional genetic markers, such as microsatellites (Jarne & Lagoda, 1996), RFLPs (Botstein, White, Skolnick, & Davis, 1980) and AFLPs (Vos et al., 1995), which usually measured by gel electrophoresis of PCR products, have several clear shortcomings: (1) They include cost and time-consuming cloning and primer design steps. (2) When applied to large populations, genotyping is expensive and labor intensive.  With the development of microarray technology, especially commercial high throughput SNP genotyping arrays, the genotyping bottleneck was removed. SNP genotyping arrays offer a distinct advantage in terms of throughput and cost. But at the design stage, the discovery of SNP markers and validation of chip is still tedious and usually requires several iterations. Using CGH arrays, it is not necessary to have prior knowledge of polymorphisms. A whole genome CGH array can be designed using only reference genome sequences. Polymorphic probes will be discovered based on the results of 
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hybridization experiments. Optionally, these polymorphic probes can be selected to develop a new array for genotyping purposes.   
 
 
The Origin of CNVs/PAVs There are a number of potential mechanisms for the de novo formation of CNVs/PAVs including non-allelic homologous recombination (NAHR), rearrangements associated DNA repair by non-homologous end-joining (NHEJ), micro-homology mediated break-induced replication (MMBIR), contraction or expansion of variable number tandem repeats (VNTRs) and mobile element insertions (MEI) (for review see Hastings, Lupski, Rosenberg, & Ira, 2009). These can in general be categorized into recombination-based and replication-based mechanisms (Innan & Kondrashov, 2010). For recombination-based mechanisms both homologous recombination (HR) and non-homologous recombination may generate CNVs/PAVs.  Non-allelic homologous recombination (NAHR), which occurs due to aberrant pairing of regions of extended homology, is an important source of CNVs/PAVs. Either double-strand break (DSB) repair or break-induced replication (BIR) can induce NAHR. In addition to recombination-mediated mechanisms, replication errors, such as slippage at variable numbers of tandem repeat (VNTR) loci or insertion of transposable elements, also can generate CNVs/PAVs. Both recombination or replication mediated CNV/PAV mechanisms are related to certain kind of recombination or replication "error" and corresponding error repair mechanisms. One consequence of those mechanisms is that CNV/PAV formation appears to occur at higher rates in certain genomic regions (hotspots). In particular, CNVs/PAVs associated with NAHR preferably occurred in regions have local sequence homology (Shao et al., 2008).   A change in copy number requires a change in chromosome structure, joining two formerly separated DNA sequences. Careful analysis of the junction sequences or breakpoints may give important insights about how the structural changes are caused. For example in human genome duplications are more likely to be formed by NAHR, VNTR and retro-transposition.  CNVs are not randomly distributed in the genome; they tend to be clustered together and are found to co-localize with certain low copy repeats (LCRs). LCRs are sequences that occur only one or two times in a haplotype. They can provide the homology needed for recombination. Those CNV/PAV-rich regions can form complex genomic architecture, which consist of CNV genes surrounded by direct and inverted LCRs.      
5 
 
Biological effects of CNVs/PAVs The biological effects of CNVs/PAVs are dependent on the affected sequences and their interactions with the rest of the genome. It is expected that the relative importance of CNVs/PAVs will be higher if they contain regulatory regions and/or genes. For example, in tomatoes an insertion of a 6–8 kb transcription factor dramatically influence tomato fruit (Cong, Barrero, & Tanksley, 2008).  CNVs/PAVs also have a considerable impact on plant phenotypes, especially such biological process as pathogen response and heterosis. In plants, genes that function in environmental responses such as stress and disease resistant are usually not essential for viability. They tend to form large gene families consisting of many paralogous genes. The number of members in a family in different individuals/lines may differ (CNVs/PAVs).  Perhaps the most important achievement of modern maize breeding was the discovery of the heterosis. In certain combination of two maize inbred lines, their heterozygous F1-progeny are superior vigor than both of their homozygous parents. Surveys have revealed that two parental lines contain different copies of genes (CNVs), or in some special cases, some genes only exist in one of the parents (PAVs). Expression profile studies show that those genes show CNVs/PAVs in two parents may complement each other in the F1 (Garcia et al. 2008), which causes the F1 to express more genes than either of the two parents. This kind of expression level superior may contribute to hybridize superior vigor (Paschold et al., 2012).  The different parents of inbred lines that show heterosis can be further cluster into heterotic groups. Some of those PAVs/CNVs are common within certain heterotic group, which is at least consistent with the hypothesis that complementation  of PAVs/CNVs may contribute to heterosis.   Additional copies of a gene may or may not change the overall expression levels of that gene. There are several models to explain the expression patterns of CNV genes. In the neutral model, the extra copies of genes are under no selection or weak purifying selection and seem to be non-adaptive or disadvantageous. But in some cases extra copies of a gene may increase expression levels as compared to a single copy haplotype (dosage effect). While in the pseudo gene model, the extra copies of a gene soon became pseudo genes and are rapidly purged from the population under purifying selection, and they are present now only because they has not yet been purged. In this case the extra copies of genes are usually not expressed. In the neo-function model, additional copies of genes provide redundancy for the original essential copy of the gene, allowing the extra copies of genes to evolve new or modified functions, potentially with novel expression patterns while the original copy retains its original function and expression pattern. The new copy of a gene under recent positive selection usually exhibits a high ratio of non-synonymous vs. synonymous mutations (Inoue & Lupski, 2002).   
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Research goals  
Develop an array-CGH based platform for the detection of SVs (CNVs/PAVs) among maize lines  Microarray-based comparative genomic hybridization (array-CGH) has proved useful in detecting genomic variation within species such as human (Iafrate et al., 2004), chimpanzee (Perry et al., 2008), rat (Guryev et al., 2008), mouse (Lakshmi et al., 2006), dog (Chen, Swartz, Rush, & Alvarez, 2009), and bovine (Fadista, Thomsen, Holm, & Bendixen, 2010). But at the time these studies were initiated high throughput SV detection tools were still lacking for plants. Our goals for this research included: (1) Designing a high-density long-oligo nucleotide array based on the newly available maize genome sequence. (2) Establishing an experimental protocol for DNA sample extraction, labeling and comparative hybridization for maize and teosinte samples. (3) Establishing a computational pipeline and statistical model for array-CGH data normalization, model fitting and reliable CNV/PAV calling. (4) Cross validating array-CGH results with other CNV detection methods such as real-time PCR (Chapter 2).   
Generate a systematic description of the structure and distribution of SVs (PAVs & CNVs) 
among maize inbreds (focusing on the specific case of B73 and Mo17)  There are already numerous reports about SVs (PAVs & CNVs) in human disease and animal breeding. But our knowledge about the genome-wide distribution of SV in plants is still limited. Using the array CGH, we sought to: (1) identify a reliable set of CNVs/PAVs in maize two inbred lines: B73 & Mo17; (2) summarize the length, genomic distribution and frequency of CNVs between the inbred lines B73/Mo17; (3) identify some significant characteristics such as hot spots of SVs and highly conserved regions; (4) survey the population structure of selected SVs. (Chapter 2)   
Study the expression pattern of SVs (PAVs & CNVs) related genes among different maize inbred 
lines (in special case between maize inbred line B73 & Mo17) There are different models for the fates of SV related genes such as the neutral model, the pseudo-gene model, and the neo-function model. The different models predict different expression patterns for the related genes. Survey of those expression patterns may help us to understand their underlying evolutionary patterns and potential biological functions (Chapter 2).     
Apply SVs as new markers for genotyping Building a cost efficient, time and labor saving genotyping platform would be valuable. Based on array-CGH results of maize inbred lines B73, Mo17 and two recombination inbred lines (RILs) of 
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the Inter-mated B73 x Mo17 (IBM) population, we tried to: (1) select a subset of probes that show high signal difference between the two parental lines (B73 and Mo17) to build a genotyping array; (2) confirm that hybridizing signals of RILs can be used to determine the original source of its genomic segments;  (3) establish a reliable, robust and simple computational data process pipeline for genotyping using CGH data(Chapter 3).   
Explore potential mechanisms for the origin of CNVs/PAVs SV (CNVs & PAVs) has been reported to arise via various mechanisms. Most examined cases are, however, from human or other animals that have relative low levels of intra-species diversity. After the creation of SVs, fixation of SVs in species/sub-species is a continue going process. For crops such as maize, which has a long history of domestication and breeding the mechanisms by which SV arises and is fixed is still not clear. Analysis of the structure of CNVs/PAVs and flanking regions may provide important insight into the mechanisms by which they arise. In different maize lines, there exist numerous single copy non-allelic homologs, the segregation of these loci in the descendants of an F1 will yield losses and gains of pairs of non-allelic homologs. Analysis of Array-CGH data provided support for this hypothesis. Additional Next Generation Sequence and other experimental methods were used to test this hypothesis(Chapter 4).       
Dissertation organization 
 This thesis is a collection of the research on SV conducted during my PhD studies.  Prior to the release of the maize genome sequence, our lab had already discovered nearly identical paralogs (NIPs), duplicated gene segments that exhibit very high levels of sequence similarity (Emrich et al., 2007). With the availability of the maize genome in 2009, I had the opportunity to systematically identify hundreds of NIPs; the results of these analyses were published as part of maize genome sequencing paper(Appendix A). To identify CNV among maize lines, new technologies such as Array-CGH were required. Chapter 2 is a report of an analysis of CNVs/PAVs in two maize inbred lines (B73 & Mo17) using array-CGH technology. This work is the outcome of a collaboration of our lab with Drs. Nathan Springer of the University of Minnesota and Jeffrey Jeddeloh of Roche Nimblegen. The whole project was under the direction of Dr. Schnable. Most of the research was conducted in 2007-2008 and the paper was published in PLoS-Genetics as a “companion paper” with the major maize genome paper (Schnable et al., 2009). This is one of the first papers that apply array-CGH technology to a 
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major crop. I conducted most of the bioinformatics analyses, including array-CGH normalization, segmentation and PAV/CNV calling. In this paper for the first time we revealed that maize has high level of CNVs/PAVs, which is an important aspect of its genome structure and may contribute to the phenotypic diversity of this important crop. The high level of SV among maize lines and its potential relation with phenotype diversity interested me and induced me to select SV of maize genome as the major research topic for my PhD research.   To extend the application of array-CGH technology in comparative genomics and explore array-CGH potential as a genotyping tool, CGH experiments were performed on two lines of the maize Intermated B73 x Mo17 (IBM) mapping population. The results show that the majority of probes that have significant differences in hybridization signals between two parental lines (B73 & Mo17) also have similar differences in RILs. Hence, array-CGH signals can be used as genetic markers for genotyping purpose. This work is presented in chapter 3 as a joint paper with Drs. Yan Fu and Nathan Springer (Fu et al., 2010). I was responsible for most of the array-CGH bioinformatics analyses.  Detailed analyses of the hybridization results from the IBM RILs revealed that some of the probes exhibit hybridization signals that differ from those of both parents. One of my lab mates, Dr. Sanzhen Liu, hypothesized that this was caused by the segregation of non-allelic homologs. Various experiments were designed and conducted that in the end provided substantial support for this hypothesis and ruled out other potential explanations. This led to the discovery of a "novel" mechanism by which CNVs/PAVs can originate.  This report is provided in chapter 4 of thesis and was published in plant journal(Liu et al., 2012). I was responsible for the bioinformatics analyses of the array-CGH data and the pair end sequence analyses.         
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Abstract 
 Following the domestication of maize over the past ~10,000 years, breeders have exploited the extensive genetic diversity of this species to mold its phenotype to meet human needs. The extent of structural variation, including copy number variation (CNV) and presence/absence variation (PAV), which are thought to contribute to the extraordinary phenotypic diversity and plasticity of this important crop, have not been elucidated. Whole-genome array-based comparative genomic hybridization (CGH) revealed a level of structural diversity between the inbred lines B73 and Mo17 that is unprecedented among higher eukaryotes. A detailed analysis of altered segments of DNA conservatively estimate that there are several hundred CNV sequences among the two genotypes, as well as several thousand PAV sequences that are present in B73 but not Mo17. Haplotype-specific PAVs contain hundreds of single-copy, expressed genes that may contribute to heterosis and the extraordinary phenotypic diversity of this important crop. 
 
 
Author summary There is a growing appreciation for the role of genome structural variation in creating 
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phenotypic variation within a species.  Comparative genomic hybridization was used to compare the genome structures of two maize inbred lines, B73 and Mo17.  The data reinforce the view that maize is a highly polymorphic species but also show that there are often large genomic regions that have little or no variation.  We identify several hundred sequences that, while present in both B73 and Mo17, have copy number differences in the two genomes.  In addition, there are several thousand sequences, including at least 180 sequences annotated as single-copy genes, that are present in one genome but entirely missing in the other genome.  This genome content variation leads to differences in transcript content between inbred lines and likely contributes to phenotypic diversity and heterosis in maize. 
 
 
 
 
 
Introduction 
 Although many analyses of genetic variation have focused on single nucleotide polymorphisms (SNPs), there is a growing appreciation for the roles of structural variation as a cause for phenotypic variation [1-7]. Indeed, structural variation can have major phenotypic consequences [6].  The term copy number variation has been used to describe duplications, deletions and insertions among individuals of a species [5].  Herein the term copy number variation (CNV) is reserved to describe sequences that are present in both genomes being compared, albeit in different copy number.  The term presence-absence variation (PAV) is used to describe sequences that are present in one genome but entirely missing in the other genome.    Maize is phenotypically diverse [8-9] and this phenotypic diversity is reflected by substantial variation in phenotypic and transcript levels among maize lines [8,10-11]. In addition, the maize genome exhibits extraordinarily high levels of genetic diversity as assayed at the level of SNPs, InDel Polymorphisms (IDPs), and structural variation [9,12]. The frequency of SNPs among maize inbreds is higher than the frequency of SNPs between humans and chimpanzees [9]. The inbred lines B73 and Mo17 are important models for structural and functional genomics of maize.  On average, B73 and Mo17 contain an IDP every ~300 bp and SNPs every ~80 bp [13-14] and within transcripts SNPs are found between the inbred lines B73 and Mo17 on average every 300 bp [15].  These levels of diversity are not limited to comparisons between B73 and Mo17. When comparing any two randomly chosen maize inbred lines, there is, on average, one polymorphism every 100 bp [16-17].  Collectively, these studies indicate that maize has relatively high levels of SNPs and IDPs as compared to many other species [9].    There is also cytogenetic evidence for structural variation in the genomes of maize inbreds.  
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Structural genomic variation involves alterations in DNA sequence beyond SNPs or small IDPs, and includes large-scale differences in chromosomal structure, altered locations of genes or repetitive elements, copy number variation (CNV) and presence/absence differences among haplotypes. Large-scale differences in chromosomal structure between maize inbred lines were first identified through cytogenetic studies.  Barbara McClintock and others analyzed heterochromatic knob (highly condensed, tandem repeat regions) content and size to characterize genome variation [18-20].  Recent studies have documented differences in the content of several classes of repetitive DNA between maize inbreds at the chromosomal level [21].  Flow cytometry studies have also documented significant variation in overall genome sizes among inbred lines [22].    Sequence-based methodologies have documented structural diversity at a higher resolution (reviewed by [9,12]).  Sequencing of BACs containing the bz1 gene from eight different inbred lines revealed two significant findings [23-24].  First, there is variation for the presence of several genic fragments such that these “genes” are found at this locus in some inbreds but not in others [23]. These “genes” were subsequently found to be gene fragments that had been mobilized by Helitron transposons [25-26]. These are not PAVs because although a genome may lack a copy in the vicinity of the bz1 locus, such a genome typically contained one or more copies of these genes (or gene fragments) elsewhere. Second, comparison of multiple haplotypes revealed major differences in the amount and types of repetitive elements between genes.  The same gene can be flanked by very different repetitive elements in different inbred lines [23].  At the same time, similar kinds of repeat diversity between haplotypes were reported in the a1-sh2 interval [27].  Both of these findings have been supported by analyses of other genomic regions in B73 and Mo17 [28].   A study of the presence and location for many genic fragments in B73 and Mo17 BAC libraries suggested that many sequences can vary in location or even presence between B73 and Mo17 [28].  There is also evidence for variation in the presence of nearly identical paralogs (NIPS) in different maize inbred lines [29].  Understanding the intraspecific variation of maize has important implications for crop improvement and plant breeding.  Long-term selection experiments have demonstrated a surprising wealth of potential; even when starting with relatively little genetic diversity it has been possible to continue to make phenotypic gains for traits such as oil content for over a century [30].  In addition, the combination of variation from different maize inbred lines in hybrids results in heterosis [31].  The availability of genomic resources for maize, particularly the B73 maize genome sequence [32] has provided an opportunity to conduct genome-wide analyses of structural variation.  We have used high-density oligonucleotide microarrays to identify patterns of structural variation across the maize genome.  We find evidence for a high rate of CNVs.  In addition, we identify several thousand DNA segments, often including genic sequences, that are present in the B73 genome but absent from the Mo17 genome (i.e., 
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PAVs).  By assessing genome-wide structural variation in maize we have gained a better understanding of the nature of variation among different maize inbred lines.       
 
Results 
 
Development and annotation of a CGH microarray for maize  Genomic variation within a species can be assessed using comparative genomic hybridization (CGH).  A high-density (2.1 million feature) oligonucleotide microarray was designed using the sequences of B73 BACs.  Probes range in size from 45-85 bp and were selected using slightly relaxed criteria (due to the overlap of adjacent BAC sequences and lack of assembly at the time of design) relative to those traditionally used for CGH probe design.  The 2.12M probes were aligned to the B73 RefGen_v1 [32] released by the maize genome sequencing project (MGSP).  It was possible to identify perfect matches (100% ID and 100% coverage) for 93% (1.98M/2.10M) of the probes.  Approximately ~1.78 million of the probes had a single perfect match and were therefore deemed to be single copy, ~120k probes had two perfect matches and ~34k probes had three perfect matches (Figure S1).    All of these perfectly matched probes were classified based on their repetitiveness and locations relative to predicted genes (see Materials and Methods for details and Table 1 for numbers).  Approximately 30% of the probes exhibited evidence of containing repetitive sequences (Methods; Table 1).  Probes were also mapped relative to genes and other types of annotation produced by the MGSP. The distributions of probes relative to these types of annotation were assessed by visualizing the locations of probes that aligned to several genomic regions for which high-quality assembled sequence and manual annotation were available for both B73 and Mo17 (Figure 1 and S2; [23,28].  There are 1,604 probes within the ~1 Mb of B73 sequence from these four regions (selected portions are shown in Figure 1 and S2.  Probe density is generally high for those regions in which the B73 and Mo17 haplotypes align well.  These regions tend to be genic or low copy and have 3-4 probes per kb.  Consistent with the NimbleGen probe design strategy, fewer probes are located in regions consisting of a high percentage of repetitive element sequences.      Analyses of these regions were used to evaluate the quality of our genome-wide probe annotation.  Several tracks in Figure 1A provide information about the repetitive and genic classifications of probes.  Our genome-wide annotations generally agree with the detailed annotation information 
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available for these four regions.  The probes that were classified as repetitive in the genome-wide analyses were often found within sequences that were annotated as repetitive or retrotransposon based in the four regions that had been subjected to manual annotation.   All probes were designed based on the B73 haplotype. To determine whether probe sequences were conserved in Mo17, probe sequences were aligned to a collection of 42,206,644 Mo17 whole-genome shotgun (WGS) reads generated by the DOE’s Joint Genome Institute (JGI) and provided to us prior to publication by the Rohksar group. Based on these alignments each probe was classified as being a perfect match (100% identity and coverage), highly conserved (>97% identity and coverage), conserved (>90% identity and coverage), poorly conserved (>75% identity and >70% coverage) or as having no significant match in the JGI Mo17 data set.  Over 80% of the probes were at least 90% identical to Mo17 sequences with over 90% of probe sequence coverage (Table 1).  The analysis of the four regions that have complete coverage of the Mo17 haplotype permitted us to compare the results of our genome-wide classifications with actual alignments of complete B73 and Mo17 sequences.  Because the JGI collection of Mo17 WGS reads provides approximately 4X coverage of the genome we expect some probes to be mis-classified as poorly conserved or as having no match in Mo17 simply due to incomplete sampling of the Mo17 genome. Overall, there was strong agreement between our classification of probes based on alignments to the Mo17 WGS reads and the genomic alignments shown in Figure 1.  As expected, there were few cases of probes within highly conserved regions that had erroneously been classified as poorly conserved or no match.  Even so, most probes within regions of the B73 haplotype for which there was no significant similarity in allelic regions of the Mo17 haplotype did not match the WGS Mo17 sequences.  Some of the probes that matched regions of the B73 haplotype for which there was no significant similarity in allelic regions of the Mo17 haplotype (i.e., positions 257,000-259,000 in Figure 1A) did have similarity to WGS Mo17 sequences.  This suggests that regions of the B73 haplotype that can not be aligned to allelic positions of the Mo17 haplotype are of two types.  In some cases the non-aligning sequences are B73-specific (PAVs), while in other cases Mo17 contains these sequences but at non-allelic positions similar to those reported by Fu and Dooner [23]. 
 
Structural variation detected by CGH  B73 and Mo17 genomic DNA samples were hybridized to the microarray using dye swaps as well as technical replication (Methods).  Analysis of the CGH data reveals a bias towards stronger hybridization signals from B73 genomic DNA than from Mo17 genomic DNA (Figures S3 and 4).  This bias is likely due to the fact that the array design was based upon the B73 genomic sequence and that polymorphisms between B73 probes and the labeled Mo17 genomic DNA may reduce signal strength.  This imbalance in signals between the genotypes violates an assumption required to perform typical 
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global normalization (see Supplemental text for further details).  Consequently, we implemented a normalization procedure that utilized a subset of probes for array normalization.  This strategy employed the raw signals from those 840,289 probes whose sequences are absolutely conserved between B73 and Mo17 (based on our analysis of the Mo17 WGS data) to normalize the remaining data (~60% of the probes). A linear model was used to estimate the signal from each genotype and to determine q-values to control false discovery rates.  To understand the biological causes of differences in hybridization signals between B73 and Mo17 we initially focused on the four regions shown in Figure 1 and S2 for which high-quality B73 and Mo17 sequence were available.  We found significant (q<0.0001) differences in hybridization signal in B73 relative to Mo17 for 234 of the 1,604 probes within these regions (Table 2).  As expected it was much more common to observe higher hybridization signal in B73 (210 probes) than the reverse (24 probes).   There are at least three biological reasons why a probe exhibits significant differences in signal after being hybridized to genomic DNA from two inbred lines.  First, the probe sequence may have polymorphisms in the two genotypes (SNPs and IDPs).  Second, the copy number of the probe in the genomic DNA might be different in the two genotypes being compared (CNV).  Third, the probe sequence may be present in the genomic DNA of the reference genotype but not the other (PAV).  It is important to remember that while all three reasons could explain why a probe would have a higher signal in B73 than in Mo17, only the second reason is likely to cause probes to have higher signals in Mo17 than in B73 because all probes were designed based on the B73 sequence.    The impact of sequence polymorphisms on hybridization can be observed by comparing the average log2(Mo17/B73) in probes with different levels of polymorphism between B73 and Mo17 (Table 2).  For probes with no polymorphisms the average log2(Mo17/B73) is zero.  As the number of polymorphisms between B73 and Mo17 increases, the log2(Mo17/B73) value decreases and the percentage of probes that exhibit statistically significant differences in signal strength (q<0.0001) increases.  Most of the probes with significant variation (68%) have 5 or more SNPs (note that often these probes cannot be aligned to the Mo17 WGS reads at all and many have multiple IDPs or may even be absent altogether from Mo17).  Overall, this finding indicates that the majority of the significant differences in hybridization signals are due to the presence of multiple polymorphisms within the ~70 bp probe sequence or due to sequences that encompass or overlap the probe sequence that are present in B73 but absent from the Mo17 genome.    Further support for the concept that many of the probes that exhibit significant differences in hybridization signals are reporting structural variation was provided by visualization of the distribution 
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of log2(Mo17/B73) signals relative to the four B73/Mo17 haplotype alignments (Figure 1 and S2).  For example, each of the four probes in Figure S2A that have significantly lower signals in Mo17 than in B73 are in regions in which the two haplotypes differ substantially.  Similarly, in Figure S2B the six probes with significantly lower signal in Mo17 than in B73 all fall near regions of structural variation. Many of the probes with significant signal differences between B73 and Mo17 occurred in the regions surrounding non-shared repetitive elements.  It was surprising that some of the probes with 5 or more SNPs (in alignments between these two regions only) did not exhibit significant differences in hybridization signals.  However, we noted that although some of these probes (several examples shown in S2) do not have a similar sequence at an allelic position in Mo17, they do have one present elsewhere in the Mo17 genome based on alignments to the Mo17 WGS sequences.    
Genome-wide analysis of probes with variable signal in B73 and Mo17  After analyzing in detail probes that aligned to the regions presented in Figure 1 and S2, we assessed the characteristics of all probes that exhibit significant variation in B73 relative to Mo17.  At a cut-off of q<0.0001 there are 325,813 probes with significant differences in hybridization signals between B73 and Mo17 (15% of all probes, Table 1).  The majority (90%) of these probes exhibit higher signals from B73 than from Mo17 (B>M; Table 1), as can be readily observed in volcano and MA plots (Figure S5).  In general, and as expected, repeat probes tend to have higher signals than non-repetitive probes (as seen in MA plots in Figure S6).  Both B73>Mo17 and Mo17>B73 probes are enriched for non-repetitive probes and consequently depleted for repetitive probes (Table 1 and Figure S7 and S8A). This is not surprising because the signals associated with repetitive probes reflect cross-hybridization from multiple genomic sites and therefore a change at a single site will have less impact on signal strength.    There are striking differences in the B73>Mo17 and Mo17>B73 probes when comparing annotation based on alignments of probe sequences to the Mo17 WGS sequences (Table 1, Figure S8B, S9 and S10).  Consistent with our analysis of probes from Figure 1, genome-wide B73>Mo17 probes are enriched for sequences with no match or poor conservation in the Mo17 WGS sequence and are correspondingly depleted for highly conserved or identical probes.  Those B73>Mo17 probes that do have an identical or highly conserved sequence among the Mo17 WGS sequences are likely to be examples of CNV and can be used to estimate the rate of CNV.  The Mo17>B73 probes follow the opposite pattern with enrichment for probes that have a highly conserved or identical sequence in both B73 and Mo17.  This indicates that many of the probes with no match in the Mo17 WGS sequence reflect actual sequence differences, not simply a lack of coverage in the Mo17 WGS sequence.    Probes were compared to the full “working set” of genes predicted by the MGSP (www.maizesequence.org).  This “permissive” gene set (n=129,891) includes low-copy transposons as 
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well as pseudogenes.  The B73>Mo17 probes exhibit a distribution genic and intergenic matches that is very similar to all probes.  Interestingly, the Mo17>B73 probes are slightly depleted for intergenic probes and show an enrichment for probes near or within genes (Table 1; Figure S8C).  A very similar distribution is observed using the filtered set of high-quality gene annotations from the MGSP (data not shown).  
 
Distribution of structural variation throughout the maize genome The probes were aligned to the B73 RefGen_v1 to visualize the patterns of structural variation along the B73 and Mo17 chromosomes (Figure 2).  It should be noted that while the B73 reference genome generally place segments of DNA in the proper order at the level of a single BAC, the local orientation and order of sequence contigs within a BAC has not always been determined.  Therefore, our genomic localization of the probes is likely only accurate within the average size of a BAC (~170 kb).  The log2(Mo17/B73) signals for each probe were plotted relative to the genomic localization of the probes.  As noted above, the majority of probes with significant B73>Mo17 hybridization detect structural variation.  The genomic view provided in Figure 2 reveals that structural variation between these two inbreds is not evenly distributed throughout the maize genome.  The large number of data points plotted on this graph (~>2 million) can make it difficult to visualize the relative rates of variation across the genome.  Therefore, we implemented a sliding window analysis to observe the frequency of probes with significant B73>Mo17 variation in regions that are the approximately the size of 10 average BACs (Figure 3).    There are a number of highly conserved genomic regions that have very little or no structural variation between B73 and Mo17 (Figure 3).  For example, there is an ~19 Mb region on chromosome 8 (Figure S11A; positions 140,904,890 – 158,897,190) and a 17 Mb region on chromosome 1 (positions 121,420,890 – 138,984,608) with no evidence for structural variation.  The sliding window analysis identified 104 regions that exhibit little to no structural variation (fewer than 4% of the probes exhibit significant variation).  Seven of these low diversity regions (on chromosomes 1, 3, 4, 5, 8 and 9) are over 10 Mb.   We performed further characterization of the large regions on chromosomes 1 and 8 with low rates of structural variation.  The majority of probes within these regions (83%) are 100% conserved in B73 and Mo17 suggesting that these are low diversity regions.   None of 388 primer pairs designed to amplify sequences within these regions detected sequence variation between B73 and Mo17 that could be detected via agarose gel electrophoresis.  In comparison, 13% of all primer sets designed for random genomics sites detect variation.  We then used Temperature Gradient Capillary Electrophoresis (TGCE) to test whether B73 and Mo17 amplification products from 156 of the 388 primer pairs from the conserved 
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regions contain SNPs or small IDPs.  TGCE is sensitive enough to detect a single SNP in amplicons of over 800 bp and 1 bp IDPs in amplicons of ~500 bp [33], which is the typical size of these amplification products. Of these 123/156 (79%) exhibited no evidence of even a single SNP or IDP between B73 and Mo17, indicating the high level of sequence conservation within these two intervals.  In contrast, only 39% of randomly selected sites are not polymorphic using TCGE assays.   There is a tendency for these large low diversity regions to be located near the central portions of the chromosomes and the centromere to be located near one side of a low diversity region for all chromosomes except 9.  However, there are many low diversity regions that are not centromeric (for example, the large region on chromosome 8).  These low diversity regions are likely to represent regions in which B73 and Mo17 are identical by descent or regions with no structural variation in the maize species.  These low diversity regions also exhibit very low levels of differential gene expression.  Only three of the 196 genes from the MGSP filtered gene set that are located in the conserved chromosome 1 or chromosome 8 regions and queried by the Affymetrix 17K microarray exhibit evidence for differential expression in seedling, embryo or endosperm tissue from B73 and Mo17 [11]. The few cases of differential expression within sequence-conserved regions may reflect the action of trans-acting factors that are polymorphic between B73 and Mo17.  
 
Mega-base sized B73-specific sequence One visually striking feature in Figures 2 and Figure S11B) is the region on chromosome 6 (positions 42,211,131 – 44,706,565) that contains a cluster of B73>Mo17 probes.  Closer inspection of this region indicates that the region of elevated structural variation is ~2.6 Mb (Figure 4A).  The majority of probes in this region are either poorly conserved or not present among the Mo17 454 WGS sequences.  This finding suggests that this 2.6 Mb sequence is present in the B73 genome but entirely absent from the Mo17 genome. Primer pairs designed based on the B73 sequence of this region were used to conduct PCR on B73 and Mo17 (Table S1).  All 38 primer pairs amplified B73 but not Mo17.  These primer pairs were also used to query for the presence of this 2.6 Mb segment in 22 other maize inbred lines.  The data suggest that 16 of the inbreds contain this segment while the other 6 did not (Figure 4B).  These inbreds seemed to contain (or lack) the entire segment as a haplotype block.  It should be noted that both the CGH and PCR analyses suggest that all 2.6 Mb of sequence is missing in its entirety from the Mo17 genome and from the other six inbreds; neither it, nor components of it, are located at non-allelic positions.  Based on the filtered gene set from the MGSP there are 31 genes within the ~2.6 Mb B73-specific interval.  RNA-seq experiments provide evidence for expression of 14/31 genes located within this interval in B73 shoot apical meristem tissue (Yi Jia, Kaz Ohtsu and Patrick S. Schnable, unpublished data) suggesting that many of the genes in this interval may be functional in B73. In addition, three of the genes 
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within this interval are detected by the Affymetrix 17K microarray.  The expression of all three of these genes are detected in B73 but not in Mo17 [11].  Notably, intermediate levels of expression of these genes are also detected in B73xMo17 and Mo17xB73 hybrids.    The sequence of the B73-specific region does not exhibit similarity to the chloroplast or mitochondrial genomes.  The genes present within this region do not shown synteny to any specific region of the rice genome but are found scattered across different rice chromosomes.  Maize chromosome 6 is syntenic to rice chromosomes 5 and 6 [32].  However, there is a region near the centromere that does not show synteny with any rice chromosome and the 2.6 Mb segment is located within this region. Fine-scale analysis of the synteny in this region indicates that the distal sequence shows synteny to rice chromosome 5 while the sequence proximal to the B73-specific sequence is syntenous to rice chromosome 6.  Hence, the B73-specific region is right at the point where the syntenic regions of maize chromosome 6 appear to have fused relative to rice chromosomes 5 and 6. The facts that many of these genes are expressed in maize and that many of the genes within this region are conserved in rice implies that the B73-region was likely selected in maize and have been deleted in the Mo17 haplotype.    
Identification of copy number variants and genome content differences  In addition to this large region of genome variation on chromosome 6, we expected to identify numerous smaller copy-number variants (CNVs).  As seen in the analysis of several well-annotated BACs, there are probes every ~400 bp in low-copy genomic DNA (Figure 1).  CNVs can be discovered by assessing the behavior of adjacent probes to identify segments of DNA that give consistently altered signal from two genomes.  The DNAcopy algorithm [34-35] was used to identify segments within the CGH dataset with a minimum length of 5 probes (Methods).  This resulted in the identification of 53,589 segments that are within a single intra-BAC DNA sequence contig.  The distribution of the average log2(Mo17/B73) values for each segment was well approximated by a normal mixture model with four components, each corresponding to a different class of segments (Figure 5).  Because the component distributions overlap, there is uncertainty about the class membership of each segment.  However, it is possible to calculate the probability that any particular segment belongs in a specific class based on the segment’s average log2(Mo17/B73) value (Methods).  Using such probabilities, each segment was classified into its most likely class.  This is a relatively permissive approach towards identifying segments.  We proceeded to further restrict the results to generate a subset of “stringent” segments that are at least 2,000 bp in length, include at least 10 probes, and, for B73>Mo17 and Mo17>B73 classes, exhibit at least a two-fold difference between average B73 and Mo17 signals (Table 3). The DNA segments from the different classes exhibit different distributions for segment length, probe number/segment and repetitive DNA content (Table 3; Figure S12).    
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The B73>Mo17 and Mo17>B73 segments represent DNA sequences that are variable between B73 and Mo17.  B73>Mo17 DNA segments could be the result of CNV or differences in genomic content (PAV) between the two lines.  In an attempt to distinguish between these two possibilities we determined the proportion of each segment that was non-repetitive and that could be aligned to Mo17 WGS sequence reads.  If a large proportion of the segment was found in Mo17 then it is likely that the segment is a CNV, while segments that are missing from the Mo17 WGS likely represent PAVs.  The distribution of Mo17 coverage was very different for B73>Mo17 segments compared to the other categories of segments (Figure S13).  Over 50% of the B73>Mo17 DNA segments have less than 20% sequence coverage by Mo17 sequences.  In the other classes, a majority of segments have >60% coverage by Mo17 WGS.  We decided to split the B73>Mo17 segments into three subgroups.  B73>Mo17_PAV (present-absent variation) segments exhibit less than 20% coverage by Mo17 WGS reads and are therefore likely present in the B73 genome and absent from the Mo17 genome.  B73>Mo17_CNV segments exhibit at least 80% coverage in the Mo17 WGS sequences and are likely examples of CNV.  The remaining B73>Mo17 sequences (20%-80% coverage) are denoted as B73>Mo17_Int. (Intermediate).  As expected, the B73>Mo17_PAV segments have a greater signal difference between B73 and Mo17 than do the B73>Mo17_CNV segments (Table 3).  The segments from the middle two distributions in Figure 5 represent DNA sequences that are present at the same copy number in B73 and Mo17.  The segments in the distribution with a peak at log2(Mo17/B73) = -0.43 were classified as B73≈Mo17_SNP while the segments in the distribution with a peak at log2(Mo17/B73=0 were simply classified as B73≈Mo17. An additional class, B73≈Mo17_Int. (intermediate), includes DNA sequences that couldn’t be definitively classified in either one of these two distributions but had a cumulative estimated probability of membership in these two classes that was greater than 0.8 for these two classes.  In general, the B73≈Mo17_SNP, B73≈Mo17_Int. B73≈Mo17 segments have similar characteristics (Table 3).  The B73≈Mo17_SNP and B73≈Mo17_Int. DNA segments have slightly higher levels of signal in B73 than in Mo17 and are likely the result of the inclusion within the segment of several polymorphic probes.  This is supported by the slightly higher rates of polymorphic probes or molecular markers within B73≈Mo17_SNP segments than B73≈Mo17 segments (Figure S12B; Table 4).     
 
Characterization of CNVs and PAVs  The segment analysis identified a large number of DNA segments with variation in B73 and Mo17.  There are 60 stringent Mo17>B73_CNV segments that are predicted to occur in more copies in Mo17 than in B73.  There are 3,681 stringent B73>Mo17 segments including 356 segments that are CNVs and another 1,783 PAV segments that are putative examples of genome content variation.   
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Several different approaches were used to validate the structural variants identified in this study.  The 1,783 stringent B73>Mo17_PAV segments are predicted to be present in the B73 genome but absent from the Mo17 genome.  Over 20,000 primer pairs were designed (usually from B73 sequences) and used to perform amplification from B73 and Mo17 genomic DNA.  The numbers of primer pairs within each class of segment were determined (Table 4).  The proportion of primers that were polymorphic between B73 and Mo17 is much higher for B73>Mo17 segments.  The fact that the majority of the B73>Mo17_PAV polymorphic primer pairs only amplify a band in B73 and not in Mo17 confirms that many of these segments are present in the B73 genome and missing in the Mo17 genome.  The 356 B73>Mo17_CNV segments are predicted to occur in more copies in the B73 genome than in the Mo17 genome.  BLAST searches of 100 stringent B73>Mo17_CNV sequences against the B73 genome finds that 92% are present in at least two copies.  In comparison, only 7% of the B73≈Mo17 segments have multiple matches within the B73 RefGen_v1.  A large proportion (55%) of the B73>Mo17_CNV segments includes tandem duplications.  This suggests that there are a number of haplotype-specific tandem duplications. The 60 Mo17>B73 segments are predicted to occur in more copies in Mo17 than B73.  qPCR was used to assess the copy number for 12 of the 60 Mo17>B73 segments in B73 and Mo17 genomic DNA (table S2).  The increase in copy number in Mo17 relative to B73 was validated for 11 of the 12 segments tested.  In three of the cases tested qPCR provides evidence for greater copy number differences than the CGH data, suggesting that the CGH copy number estimates may be conservative.  In combination, these approaches provide validation for the three major classes of CNV segments.   The CGH analysis identified hundreds of candidate CNVs and thousands of PAVs.  These sequences are spread throughout all ten of the maize chromosomes (Figure 6).  The filtered set of 32,540 high quality gene annotations from the MGSP were compared to the stringent DNA segments (Table 5).  Using fairly strict criteria (80% of gene sequence is contained within segment sequence) we find approximately 80% of the genes are located within the stringent segments.  Almost 600 of these genes are located in the B73>Mo17 or Mo17>B73 segments, including 180 gene models located within B73>Mo17_PAV segments and another 50 gene models located within CNV segments.  These genes within the PAV and CNV type segments include many different annotations and are not enriched for putative uncharacterized proteins.  Interestingly, the proportion of genes with a paralog (defined as >85% identity and coverage) is higher for the B73>Mo17 segments (Table 5).  A portion of the genes within these segments are queried by the existing 17K maize Affymetrix microarray.  The proportion of genes that are differentially expressed (in B73 and Mo17 seedling tissue; data from [11]) is much higher for B73>Mo17 and Mo17>B73 segments than for B73≈Mo17 classes (Table 5).  As expected, the B73>Mo17 segments are enriched for genes with higher expression in B73 than in Mo17 and the Mo17>B73 segments are enriched for genes with higher expression in Mo17. 
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Discussion 
 There is wide-spread appreciation for the high level of diversity within the maize species [8,12,31].  This diversity is critical for breeders to select for novel agronomic traits and is important for heterosis.  The availability of a reference genome sequence for one inbred (B73; Schnable et al., submitted) coupled to CGH technology, has provided the opportunity to study the structural variation present between two inbred lines, B73 and Mo17.  The extensive structural variation between B73 and Mo17 includes copy number variants (CNV) and present-absent variation (PAV).  However, despite the high level of variation genome-wide, there are many regions of the genome that have little or no variation.  We will discuss the types of variation observed throughout the maize genome as well as the implications of this variation for phenotypic diversity and heterosis. 
 
Low diversity regions in a highly polymorphic species It is tempting to assume that all genomic regions are different in these two lines.  However, by assessing the levels of variation along the B73 RefGen_v1 it quickly becomes obvious that this variation is not randomly distributed.  We identified a number of large regions (>1 Mb) that have little or no variation.  The fact that these regions co-localized with chromosomal regions that lack genetic markers that exhibit polymorphisms in the Intermated B73xMo17 (IBM) mapping population [14,36] demonstrates that these marker-depleted regions are simply due to low/no diversity between the two parents of the mapping population.  In general, almost all of the large low diversity regions occur within regions of low recombination frequency. This could contribute to the inheritance of large chromosomal regions that are identical-by-descent. The centromeres of most chromosomes are located within or at one end of low-diversity regions.  Several groups have assessed molecular diversity in maize populations in studies designed to identify the targets of domestication and/or selection in maize [37-39].  We noticed that two of the genes known to have been targets of selection or domestication, y1 [40] and tb1 [41] are located within large low diversity regions.  In addition, a 1 Mb region on chromosome 10 with evidence for a selective sweep [42] also occurs in a region with low levels of structural variation.  The chromosomal positions of 42 genes with evidence for selective sweeps [37-38] were compared with the level of structural variation.  Nearly half of these genes (20/42) were located within large blocks of low diversity identified in this study. This finding is consistent with the hypothesis that many putative selection genes identified by virtue of their limited sequence diversity were not actual targets of selection but simply happen to be located within large blocks of reduced variation, some of which may have arisen via selective sweeps.   
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Frequency of structural variation in maize genome We have identified thousands of examples of structural variation between the B73 and Mo17 genomes.  The term structural Variantion is used to describe both sequences that are present in both individuals but have different copy numbers (copy number variants; CNV) and sequences that are present in one individual but absent in another (presence-absence variant; PAV).  The unknown order and orientation of intra-BAC DNA sequence contigs will potentially lead to an over-estimation of the number of structural variation events by splitting some events into two different segments.  However, it will also lead to an under-estimation of the number of events due to the fact that some smaller structural variant events which will not have enough sequence or probes on either side of a contig border to be called.  We found that the 3,789 stringent B73>Mo17 or Mo17>B73 structural variants represent a minimum of 2,056 unique events (must be separated from nearest structural variant by >200,000 bp).  Differing probe densities, algorithms and statistical criteria complicate comparisons of rates of structural variation among organisms [5].  However, it is quite clear that the maize genome has a high rate of structural variation compared with other species. In the human, rat, dog, mouse, macaque and chimpanzee genomes the average number of CNVs between two individuals is between 15 and 75 [43-48].  A high resolution study of eight human genomes [49] revealed only several hundred insertions and deletions, including CNV and PAV sequences, in the comparison of any two human genomes.  In contrast, even after very stringent filtering we identified >3,700 CNV or PAV sequences that represent at least 2,000 events between these two maize genomes.  This likely represents a very conservative estimate of the true number of CNV and PAV events in the maize genome.  Previous analyses of BAC libraries have also found significant differences in genome content [25].  This high level of structural variation with frequent changes in genome content is reminiscent of the high level of variation observed in the E. coli genome [50-51], but is without precedent among higher eukaryotes. As the levels of structural variation are assessed for other species it will be interesting to determine whether maize has an unusually high level of variation relative to other plants and animals.  
Mechanisms and impact of CNV This study identified >400 putative CNVs between B73 and Mo17.  A combination of genome homology searches and qPCR suggests that many of these sequences represent actual CNVs.  There is evidence that these CNV can be the result of tandem duplications or duplications dispersed throughout the genome.  There are a large number of tandem duplications in the maize genome [32]; some of these are NIPs [29] and 5% of these exhibit CNV in our data (Y. Kai, P. Schnable, unpublished data).  This suggests that some of the differences in copy number between B73 and Mo17 are due to haplotype-specific tandem duplication events.  Alternatively, some of the CNVs may be caused by duplication to non-
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allelic positions.  Differences in genome content at the bz1 locus [23] actually represent a CNV event in which both genotypes have copies of a sequence at a shared position and one of the genotypes has one or more additional copies at a non-shared location [26].  Many of these CNV are likely the result of Helitron-mediated movement of gene fragments [12,25-26].  There is also evidence that tandemly duplicated gene families such as zeins [52] or disease resistance genes [53] exhibit differences in copy number for different haplotypes, possibly as the result of recombination-based mechanisms as have been analyzed in detailed by Yandeau-Nelson et al. [54].  Previous studies have suggested a high rate of near identical paralogs (NIPs) in the maize genome [29].  It is likely that the formation (or removal) of NIPs may have been haplotype specific.  There are 50 genes from the MGSP’s filtered gene set within our stringently called CNVs.  By relaxing our criteria only slightly, we identify CNV segments that contain 558 genes (Table s3).  As most gene fragments were successfully removed from the MGSP’s filtered gene set [32], these genes within CNV are likely to include functional genes. Because 12 of the 14 CNV genes that were assayed exhibit variable gene expression levels in B73 and Mo17 seedlings, these genic CNV may contribute to phenotypic diversity.    Many maize alleles that are known to be epigenetically regulated exhibit allelic variation for tandem repeats.  There is allelic variation in the tandem duplication of coding regions at the p1, c2, and r1 loci that exhibit epigenetic regulation [54-56].  In addition, there is evidence for allelic variation in the copy number of a non-genic sequence ~100 kb upstream of the b1 gene that controls expression and paramutation [57]. It is possible that the high rates of CNV in both genes and other low-copy sequences contribute to high rates of expression variation and epigenetic regulation in maize. 
   
Widespread genome content differences In addition to the hundreds of CNV detected between B73 and Mo17 we also noted thousands of sequences that account for over 20 Mb of DNA that are present in the B73 genome and absent in the Mo17 genome.  It is quite unexpected to find such a large number of sequences that are present within one haplotype of a species and missing from another.  These include extreme examples such as the 2 Mb region on chromosome 6 as well as many smaller B73>Mo17_PAV sequences.  Following the initial discovery of PAV sequences we sought to determine whether these PAVs included genes and to estimate the number of genes affected by PAV.  Many PAV segments include genes contained within the MGSP filtered gene set.  It is important to note that the MGSP filtered gene set was rigorously filtered to remove gene fragments and sequences with homology to transposable elements [32].  While it is possible that a subset of the PAV sequences may represent novel, uncharacterized transposable elements, it is clear that numerous genes are present in the PAV sequences.  Several examples of putative genes that that are unlikely to represent transposable elements but that exhibit PAVs include GRMZM2G390498 (putative 
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superoxide dismutase), GRMZM2G066290 (putative pyruvate kinase), GRMZM2G139160 (C2H2 zinc finger protein) and GRMZM2G382393 (putative auxin efflux carrier).   It is, however, difficult to determine the exact number of genes affected by PAV because this number is strongly influenced by the stringency used to identify PAV sequences and by the criteria used to identify genes within the PAV sequences.  Using quite strict criteria for identifying segments and genes within the segments, the PAVs include 180 genes from the MGSP’s filtered gene set (Table S4) and the B73>Mo17_Int. segments include another 360 genes.  These 180 and 360 genes all have at least 80% of the gene length included in the PAV sequence implying that these are full-length genes and not simply examples of PAV for gene fragments of the type reported by Morgante et al. (2005).  A more permissive approach (Table S3) finds as many as 473 genes within the B73>Mo17_PAV and another 797 genes within the B73>Mo17_Int. seqments.  The very conservative estimate of gene number, 180, or the more permissive estimate of gene number within PAV sequences, 1,270 (473 + 797), account for 0.5% or 4.0% of the genes within the MGSP’s set of filtered genes, suggesting that PAV affects a significant portion of maize genes.    These present-absent sequences are spread throughout the B73 genome.  These events differ in a significant way from those observed by Fu and Dooner [23] who detected copy number differences within small gene families.  In contrast PAVs are low- or single-copy DNA sequences that occur in B73 and are not present anywhere in the Mo17 genome.  Many these genes are expressed and as expected, the majority is expressed in B73 but not in Mo17.  In addition, over 1/3 of the gene models within PAV sequences do not contain similar sequences located elsewhere in the B73 genome (Table S3).  This suggests that the some examples of PAV (those with paralogs) may be functionally complemented by another gene but that a significant portion of the PAV sequences do not have a functional complement elsewhere in the maize genome.    The high level of PAV sequences between B73 and Mo17 may reflect ancient haplotype variation or more recent genomic rearrangements.  We assessed the prevalence of 85 B73>Mo17_PAV segments in 22 other inbred lines (listed in Figure 4) using IDP primers [14].  Interestingly, all 85 of these segments are detected in at least two of the other inbred lines.  The majority of these segments (53/85) are present in 30-70% of the other lines.  The common presence/absence of these segments suggests that they often reflect relatively old events and not novel, inbred-specific, events.  While there is substantial phenotypic diversity between B73 and Mo17 even non-biologists quickly recognize both as corn plants.  It is surprising that these inbreds can tolerate such a high level of genome content variation and still develop as “normal” corn plants.  It is likely that deleterious PAVs have 
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been strongly selected against.  Maize is normally an out-crossing species.  Due to inbreeding depression, many of the first generation inbreds produced by breeders in the early part of the last century were drastically reduced in fitness, incapable of reproducing or even inviable.  Those first-generation inbreeds that could be propagated were intercrossed to produce the second and subsequent generations of inbreds which comprise the commercial gene pool of maize.  Hence, PAVs with strong effects on fitness would likely have been purged from the commercial gene pool.  It will therefore be of great interest to explore the PAV content of landraces of maize that have not been subjected to the inbreeding bottleneck.   
  
Potential impact of structural variation on phenotypic diversity and heterosis The frequent CNV and PAV observed among maize inbreds may contribute to the high levels of phenotypic diversity and plasticity observed in maize.  CNV and PAV can have significant contributions to phenotype.  There is evidence that tandem duplications may be important for the evolution of traits such as disease resistance [58].  In addition, the variation in copy number may allow for the evolution of novel expression patterns.  There is evidence that strong artificial selection on specific anthocyanin coloration patterns has often led to the formation of complex alleles with tandem duplications [56,59-60].  The presence of many CNV and PAV events provides opportunity for selection.  As different structural variants are combined through breeding there is opportunity for novel trans-interactions and for formation of novel alleles through unequal crossing over.  Long-term selection experiments (>100 years) have continued to make progress on quantitative traits [30] and it is possible that the genomic variation of maize provides source material to generate novel alleles.    The high levels of structural variation detected in this study and high levels of heterosis observed in certain hybrids of maize may be linked.  Heterosis (the superior performance of a hybrid relative to its inbred parents) has pronounced and widespread effects on many traits.  The high frequency of genome content differences suggests a large number of linked content differences.  In this study we identify several thousand sequences that are present in B73 but missing in Mo17.  If we assume that there are an equivalent number of sequences that are present in Mo17 but absent in B73 we would   expect nearly 4,000 genome content differences distributed throughout the B73 and Mo17 genomes.  The finding of single-copy, expressed PAVs among maize inbreds demonstrate that it will be important to obtain the genome sequences of a number of inbred lines to identify the full complement of genes present within the maize species.  The large number of potential combinations of PAV sequences in hybrids also provides the opportunity for novel gene complements in hybrids relative to the parental lines.  Previous analyses of gene expression in B73, Mo17 and the F1 hybrid identified a number of genes that are expressed in one parent but not the other [11].  Interestingly, all of these genes are expressed in the hybrid leading to a larger number of transcripts in hybrids than in the inbred parents.  In addition, the combination of inbred-specific sequences in the hybrids provides opportunities for novel trans-interactions that would 
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not occur in either parent potentially leading to non-additive expression levels [10,61].  Hence, further explorations of genomic variation among maize lines may lead to opportunities to elucidate the mechanisms of heterosis.      
Methods 
 
Microarray design An oligonucleotide microarray was designed by Roche NimbleGen to perform comparative genomic hybridization (CGH) of maize inbreds (Copies of this design may be acquired by ordering: 080418_zea_mays_B73_CGH_HX1).  A set of 14,423 maize BACs (downloaded March 2008) was used to design isothermal probes, varying in length from 45 bp to 85 bp and with a target Tm of 76C at a fixed interval of 50 bp.  Probe sequences were repeat-masked by calculating the average 14-mer frequency for each probe, based on a frequency table generated from the complete set of BAC sequences available as of that date, and removing probes with an average 14-mer frequency higher than 400. Probe uniqueness was determined by comparing each probe to B73 RefGen_v1, using SSAHA (http://www.sanger.ac.uk/Software/analysis/SSAHA/) with a step-size of 1, nmer-size of 12 and a minimum match length of 33 bp. Up to five insertions/deletions were allowed in each match. Probes with <=15 close matches in the genome were included in the array design. Median final probe spacing was 450 bp.  It should be noted that this set of probes was designed to facilitate sequence capture [62]; if NimbleGen’s CGH probe design criteria had been utilized it is likely that the choice of probes would have been slightly different.   
 
Probe annotations   The sequences of CGH probes were aligned to the B73 RefGen_v1 (Schnable et al., submitted); >90% of the probes (1,977,283/2,124,029) could be mapped with 100% identity and coverage (Figure S1).  These include probes with a single match to the B73 RefGen_v1 as well as probes with multiple perfect matches (Figure S1).  The remaining 146,746 probes (either imperfect matches or not found in the B73 RefGen_v1) had very low hybridization signals suggesting that they were likely artifacts created by using unfinished BAC for probe design and were therefore omitted from all subsequent analyses.  The probes that could be mapped to the B73 RefGen_v1 were further annotated for repetitiveness, for gene annotation and for sequence conservation with Mo17.  The “repetitiveness” of each of the probes was classified using a series of repeat filters.  The ~3% (54,791) that match at least five locations in the B73 
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genome with >97% identity and coverage were designated as “multi-copy”.  The ~25% (530,314) that aligned to five or more genomic locations at reduced stringency (>90% identity and coverage) were designated as “crosshyb” probes.  There were also 63,792 probes that match the ISU cereal repeat database (http://magi.plantgenomics.iastate.edu/) but did not meet the criteria for designation as multi-copy or icicle probes.  Generally, the different classes of repetitive probes exhibit similar behavior and we will therefore refer to multi-copy, icicle and cereal repeat probes as “repetitive probes”.  The remaining 1,461,771 probes were designated as non-repetitive. The location of each probe relative to genic sequences was determined through comparisons to gene models provided by the MGSP and were assigned to the following classes: exon, exon-intron (crosses exon/intron border), intron, 5’ (within 2,000 bp 5’ of start site), 3’ (within 2,000 bp 3’ of the gene), intergenic (more than 2 kb from nearest gene).  The conservation of sequences of individual probes to the Mo17 genome was classified via alignments to the 42,206,664 Mo17 WGS sequences provided by Daniel Rohskar from the DOE’s Joint Genome Institute.  Each probe was classified as perfect match (100% identity and coverage), highly conserved (>97% identity and coverage, not perfect match), conserved (97-90% identity and coverage, poorly conserved (75-90% identity and 70%-90% coverage not highly conserved) or no match (all other probe). 
 
Microarray hybridizations   Total genomic DNA isolated from two-week-old etiolated seedlings of maize inbreds B73 and Mo17 were labeled and hybridized following the methods described in Selzer et al. [63] and Roche NimbleGen’s CGH user’s guide (see manufacture’s User guide).  In short, 1 ug of DNA was labeled using either 5’ Cy3 or Cy5-labeled Random Nonamers (TriLink Biotechnologies). DNA was incubated for 2 hours at 37°C with 100 units (exo-) Klenow fragment (NEB) and dNTP mix (6 mM each in TE; Invitrogen).  
The labeled samples were then precipitated with NaCl and Isopropanol and then rehydrated in 25 μl of 
VWR H20.  34 μg of test and reference samples were combined in a 1.5 ml tube and dried down by 
SpeedVac. Samples were resuspended in 12.3 μl of H20 and 31.7 μl of Roche NimbleGen Hybridization Buffer (Roche NimbleGen Inc.) and incubated at 95°C. The combined and resuspended samples were then hybridized to the array for 60- 72 hours at 42°C degrees with mixing. Arrays were washed using Roche NimbleGen Wash Buffer System and dried using the NimbleGen Microarray Dryer (Roche NimbleGen, Inc). Arrays were scanned at 5 µm resolution using the GenePix4000B scanner (Axon Instruments). Data was extracted from scanned images using NimbleScan 2.4 extraction software (Roche NimbleGen, Inc.), which allows for automated grid alignment, extraction and generation of data files.  In our experimental design we had seven replicates of B73 (one with Cy3 and six with Cy5) and seven replicates of Mo17 (six with Cy3 and one with Cy5).  Images were processed and spatial normalization of data within the array was conducted according to Nimblegen’s standard protocol.  Due to the fact that our array was designed using B73 genomic sequence and the high rate of polymorphism between B73 and Mo17, the CGH data violated the assumption for the regularly used Q-spline normalization to make two channels of 
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hybridization intensities comparable (see supplemental text and figures for further information on normalization issues and solutions). We used a subset of 840,289 probes that were known to have identical sequence in B73 and Mo17 (based on B73 BAC sequences and Mo17 WGS data) as a control set to obtain a best-fitting cubic spline function [64], assuming that most of these probes should have the same hybridization intensities after normalization. The spline function was then globally applied for all probes to normalize the two channels.  After within-chip normalization, linear model analyses using LIMMA [65-66] were conducted for the data from all microarrays. The linear model for each probe included effects for dyes and genotypes, and p-values were calculated to test for a signal difference between Mo17 and B73 genotypes as part of each linear model analysis.  The p-values were converted to q-values which were used to control the false discovery rate as described by Storey and Tibshirani [67].  
Segmentation analysis A segmentation analysis was performed using DNAcopy [34-35]; with tune default parameter alpha=0.05, trim=0.05) to identify groups of probes that exhibit similar deviation from a log2(M/B) ratio of zero.  These probes identify segments of DNA that have DNA sequence polymorphisms, altered copy number, or presence/absence in the two genotypes.  The ordering and orientation of intra-BAC DNA sequence contigs, and therefore probe sequences, within a BAC has not been fully determined for most of the BACs.  Consequently, the resulting segment predictions were split at intra-BAC DNA sequence contig boundaries following the DNAcopy analysis.  All segments were assigned a unique identification and the average log2(M/B) for all probes within the segment was determined.  The distribution of the average log2(M/B) across segments was modeled using a four-component normal mixture model [68].  The EM algorithm [69] was used to estimate the mixing proportion, the mean, and the variance associated with each of the four normal component densities, corresponding to four segment classes.  Class membership probabilities for each segment were computed using the EM estimates.  Each segment was then classified into one of the four classes if its most likely class was greater than 0.8.  The segments were further filtered to remove all segments that contain fewer than 10 probes or 2000 bp of sequence to produce a set of stringent segments.  The underlying sequence of these segments was obtained by parsing the segment data to produce a sequence that spanned the full segment.  These segments were then further annotated by comparisons to repeats, gene predictions and Mo17 sequence.  In order to classify a gene within a segment we required that 80% of the gene sequence be within the segment sequence.  
 
Analyses of gene expression Gene expression information was obtained from several different sources.  The Affymetrix data was obtained from 11-day old seedlings (GEO: GSE8174; [11]) and cDNA microarray expression data was obtained 14-day old seedling tissue (GEO_ GSE3733; [10]).  RNA-Seq data was obtained from B73 shoot apical meristem tissue (SAM) isolated as described by Ohtsu et al. [70].  A pool of RNA sample from L1 of 
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13 SAMs and a pool of RNA samples from L2 of 13 SAMs were extracted followed by RNA amplification and synthesis of double-stranded cDNA according to previous procedures [70]. The libraries were sequenced on the Solexa 1G Genome Analyzer at Canada’s Michael Smith Genome Sciences Centre. Each library was sequenced using 2 lanes on a Solexa flow cell.  The resulting Solexa reads were aligned to maize gene models (http://www.maizesequence.org) with the short read aligner NOVOALIGN (http://www.novocraft.com) using 32 bases. The low quality bases located at the end of reads were trimmed off by the program and only reads that mapped uniquely to the genome with a maximum of two mismatches including insertion/deletion (indel) across 32 bases were used for subsequent analyses. The reads uniquely mapped to genome were projected to gene models (release 4a.53).  
 
qPCR validation of Mo17>B73 CNV Primers were designed for 12 Mo17>B73_CNV segments (Table S2).  20ng of three biological replicates of genomic DNA isolated from B73 or Mo17 seedlings was amplified with Applied Biosystems SYBR Green 2X PCR Master Mix (Applied Biosystems) using an Applied Biosystems 7900HT Real-Time PCR System in a 20µl reaction volume.  Two technical replicates were performed for each sample.  The average cycle threshold (Ct) values were determined for the technical replicates.  The relative copy number was determined by comparing the Ct value for the test primer set to three different genomic controls known to be present in one copy in each genome.       
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Table 1.  Probe classifications and enrichment in specific catergories
All probes Significant probes (q<0.0001)
B>M significant 
probes
M>B significant 
probes
2,110,668 325,813 291,963 33,850
Probe classification by "repetitiveness"a
Non-repeat 1,461,771 (69%) 278,390 (85%) 249,188 (85%) 29,202 (86%)
Total repetitive 630,586 (30%) 47,423 (15%) 42,775 (15%) 4,648 (14%)
     Cereal repeat 226,706 (11%) 12,349 (4%) 11,586 (4%) 763 (2%)
     Crosshyb 585,105 (28%) 40,907 (13%) 36,616 (13%) 4,291 (13%)
     Multi-copy 54,791 (3%) 6,276 (2%) 5,497 (2%) 779 (2%)
Probe classification by Mo17 conservation annotationb
Perfect match (100%) 871,664 (41%) 44,062 (14%) 22,586 (8%) 21,476 (63%)
Highly Conserved (>97%) 331,590 (16%) 42,992 (13%) 36,659 (13%) 6,333 (19%)
Conserved (>90%) 505,519 (24%) 106,996 (33%) 103,817 (35%) 3,179 (9%)
Poorly conserved (>75%) 182,570 (9%) 55,410 (17%) 53,929 (18%) 1,481 (4%)
No match in Mo17 (<75%) 219,325 (10%) 76,353 (23%) 74,972 (26%) 1,381 (4%)
Genic annotation
Exon 98,886 (4.7%) 11,885 (3.6%) 9,803 (3.4%) 2,082 (6.2%)
Exon-intron 62,448 (3.0%) 8,447 (2.6%) 7,134 (2.4%) 1,313 (3.9%)
Intron 145,483 (6.9%) 24,047 (7.4%) 21,159 (7.2%) 2,888 (8.5%)
3' 2000bp 121,133(5.5%) 24,569(7.9%) 2,113(5.9%) 26,682(7.7%)
5' 2000bp 134,408(6.1%) 26,618(8.5%) 2,666(7.5%) 29,284(8.4%)
Intergene 1,650,875 (74.6%) 222,688  (71.4%) 24,717    (69.1%) 247,405 (71 1%)
aThe repetitive nature of each probe was determined by comparing to the B73 reference genome.  All 
probes that satisfy criteria (see methods for details) for cereal repeat, crosshyb or multi-copy were 
designated as repetitive.
bThe probes were each classified based upon the most significant similarity to the Mo17 WGS 
sequence from JGI.  The full definition for each category can be found in the methods section.
Table 2.  Influence of polymorphisms on hybridization variation
# SNPs # Probes B>M significant probes
M>B significant 
probes
Average 
log2(M/B)
0 568 6 (1%) 6 0.000
1 180 13 (7%) 6 -0.196
2 95 18 (19%) 2 -0.400
3 67 17 (25%) 1 -0.552
4 54 14 (26%) 0 -0.733
5 or more 640 142 (22%) 9 -0.789
Total 1604 210 (13%) 24
*Significant probes indicate a q value <0.0001 from the linear model 
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Gene Model RNA-Seq counts Annotation
AC186585.4_FG002 0 Putative uncharacterized protein
GRMZM2G003461 155 Putative MURBZC
GRMZM2G009792 0 Drought inducible 22 kD protein
GRMZM2G014055 0 Thioredoxin H-type
GRMZM2G040833 0 Putative uncharacterized protein
GRMZM2G048791 1 Os07g0121800 protein
GRMZM2G050768 1 Bowman-Birk type trypsin inhibitor
GRMZM2G051686 0 Os07g0541400 protein
GRMZM2G066932 0 Putative uncharacterized protein
GRMZM2G066978 1 Putative uncharacterized protein
GRMZM2G076943 10 Putative uncharacterized protein
GRMZM2G082560 3 Plant viral-response family protein
GRMZM2G106513 0 Actin-like protein 3
GRMZM2G121024 61 ATFP3
GRMZM2G122520 127 Putative uncharacterized protein
GRMZM2G134020 26* Putative uncharacterized protein
GRMZM2G150524 44 Putative uncharacterized protein
GRMZM2G156578 102 Putative uncharacterized protein
GRMZM2G161761 326 Putative uncharacterized protein
GRMZM2G320152 0 Putative uncharacterized protein
GRMZM2G338829 0 ZIM motif family protein
GRMZM2G348282 0 Putative uncharacterized protein
GRMZM2G372684 0 von Willebrand factor type A domain containing protein
GRMZM2G390512 0 NA
GRMZM2G403813 0 Os12g0149700 protein (Fragment)
GRMZM2G403828 1 Putative uncharacterized protein
GRMZM2G409627 0* Putative TF-like protein
GRMZM2G410275 0 Putative uncharacterized protein
GRMZM2G433166 0 von Willebrand factor type A domain containing protein
GRMZM2G446078 0* NA
GRMZM2G451679 60 Os12g0106500 protein (Nodulin-like family protein, expressed)
*Expression of these genes is detected by microarray analysis in B73 seedling, embryo and immature ea      
Table 3. Annotation and expressionof genes within the B73-specific interval of chromosome 6
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Table 4.  Characteristics of each category of DNA segment
All Segments
Type n
Total # 
probes
Avg. 
log2(M/B)
Avg. length 
(bp)
Avg. 
probe #
Avg. % 
repetitive DNA
Avg. # 
genes
Avg gene 
density (per kb)
Avg % Mo17 
coverage
B73>Mo17_PAV 4,222 52,618 -1.90 7,041 12.5 39.2% 0.6 0.090 7.6%
B73>Mo17_Int. 3,224 49,222 -1.56 8,859 15.3 57.5% 1.0 0.110 44.3%
B73>Mo17_CNV 729 10,312 -1.43 8,069 14.1 80.5% 0.6 0.076 96.9%
B73˜ Mo17_SNP 15,976 657,052 -0.43 36,253 41.1 67.6% 2.2 0.059 61.4%
B73˜ Mo17_Int. 9,573 391,681 -0.13 36,076 40.9 67.5% 2.2 0.060 72.3%
B73˜ Mo17 15,536 746,147 0.01 43,122 48.0 72.7% 2.1 0.048 78.2%
Mo17>B73_CNV 752 11,531 0.82 8,273 15.3 52.8% 1.4 0.167 84.4%
Unclassified 3,577 110,903 -0.60 26,756 31.0 65.7% 1.6 0.062 53.5%
Stringent segments (minimum of 10 probes, 2000bp and 2 fold change between B73 and Mo17 for B73>Mo17 and Mo17<B73 classes)
Type n
Total # 
probes
Avg. 
log2(M/B)
Avg. length 
(bp)
Avg. 
probe #
Avg. % 
repetitive DNA
Avg. # 
genes
Avg gene 
density (per kb)
Avg % Mo17 
coverage
B73>Mo17_PAV 1,783 33,773 -1.77 10,688 18.9 44.9% 0.9 0.081 9.3%
B73>Mo17_Int. 1,542 33,947 -1.46 12,698 22.0 55.2% 1.3 0.104 43.9%
B73>Mo17_CNV 356 6,846 -1.41 9,878 19.2 84.1% 0.8 0.078 96.7%
B73˜ Mo17_SNP 13,183 637,722 -0.43 41,514 48.4 67.1% 2.5 0.060 62.9%
B73˜ Mo17_Int. 7,526 377,693 -0.13 42,563 50.2 66.6% 2.6 0.061 75.1%
B73˜ Mo17 12,720 726,894 0.01 49,943 57.1 72.5% 2.4 0.048 80.6%
Mo17>B73_CNV 60 1,110 1.26 6,512 18.5 58.2% 1.1 0.171 94.1%
Unclassified 2,661 104,579 -0.64 32,619 39.3 65.5% 2.0 0.062 53.1%
Table 5.  # Polymorphic markers within segments
# Primers % polymorphic % PAa
B73>Mo17_PAV 203 75% 83%
B73>Mo17_Int. 288 50% 65%
B73>Mo17_CNV 36 53% 66%
B73˜ Mo17_SNP 7,946 28% 35%
B73˜ Mo17_Int. 4,484 17% 29%
B73˜ Mo17 5,756 6% 27%
Mo17>B73_CNV 9 0% 0%
Unclassified 891 31% 46%
Total 19,613 20% 37%
aThe proportion of polymorphic primers that amplify a product in B73 but not in Mo17
Table 6.  Genes in stringent segments
Type n
Avg. length 
(bp)
# FGS 
genes1
Genes per 
segment
% of genes 
with paralog
# Affymetrix 
genes2
%DE 
genes3
%DE with 
B>M4
B73>Mo17_PAV 1,783 10,688 180 0.10 63.4% 36 69% 92%
B73>Mo17_Int. 1,542 12,698 360 0.23 61.6% 68 56% 92%
B73>Mo17_CNV 356 9,878 41 0.12 62.5% 7 71% 100%
B73˜ Mo17_SNP 13,183 41,514 10491 0.80 50.0% 3347 24% 49%
B73˜ Mo17_Int. 7,526 42,563 5748 0.76 49.3% 1806 18% 48%
B73˜ Mo17 12,720 49,943 7831 0.62 49.7% 2306 12% 33%
Mo17>B73_CNV 60 6,512 9 0.15 54.5% 7 100% 0%
Unclassified 2,661 32,619 1364 0.51 55.4% 361 31% 66%
1The FGS refers to the filtered gene set of high-quality annotations produced by the MGSP
2Number of genes on Affy platform that are expressed in B73 or Mo17 seedling tissue
3Percent of genes that are differentially expressed (q<0.05)
4Percent of differentially expressed genes that are expressed at higher levels in B73 than in Mo17
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Figure 1. Significant hybridization differences are due to structural variation. (A) The B73 and Mo17 sequences for a portion of the 9009 locus (sequenced by Brunner et al., 2005) were aligned using Vista (Frazer et al., 2004) which displays the percent identity as a sliding window of 100bp (y-axis is 50% to 100% identity).  The location of genes annotated by Brunner et al. 2005 (indicated by light blue sequences in the alignment) and repeat elements (the color coded track right above the alignments; pink indicates retrotransposons and orange indicates transposons) are shown above the VISTA alignment.  The log2(Mo17 signal/B73 signal) is shown for each probe in this region.  The red probes exhibit significantly different (q<0.0001) signal in B73 and Mo17.  The blue line indicates a segment with altered hybridization that was identified using DNAcopy. There are also data tracks that display the repeat annotation and B73/Mo17 similarity for each probe.  Note that these annotations are based on the genome-wide analysis, not detailed analyses of these regions. In (B) we present the annotation, alignment and CGH data for a portion of the 9008 locus (sequence and annotated by Brunner et al., 2005).  
Figure 2.  Genomic distribution of log2(Mo17/B73) signals.  The log2(Mo17/B73) hybridization intensities are plotted for each chromosome.  Data points below the line indicate higher hybridization in B73 than in Mo17.  The positions of the centromeres (Wolfgruber et al., submitted) are indicated by black boxes.  Note that there are chromosomal regions with high rates of variation (example near 42-44 MB on chromosome 6) and regions with low rates of variation (example from 140-160 MB on chromosome 8).    
Figure 3.  Identification of regions of low structural diversity.  The proportion of probes that exhibit significantly higher hybridization to B73 genomic DNA than Mo17 (q<0.0001) was determined for a sliding window of 1Mb probes with increments of 0.33Mb.  The approximate position of each centromere (from Wolfgruber et al., submitted) is indicate by a red circle on each chromosome.  The location of the 
tb1 (Doebley et al., 1997) and y1 (Palaisa et al., 2003) genes, which are known to have undergone selective sweeps, are indicated.  The gene density (based on the filtered gene set from the MGSP) is shown below each chromosome.  The gene density was determined based on the number of genes per Mb.  The dark color indicates low gene density while the yellow color indicates higher gene density.      
Figure 4.  Characterization of 2Mb region on chromosome 6 that is present in B73 but missing in 
the Mo17 genome.  (A) A 10Mb region on chromosome 6 is shown.  The color coding for each probe indicates the level of conservation of the probe sequence to the Mo17 WGS sequence.  The coordinates on the x-axis refer to base pair position within chromosome 6 of the B73 Refgen_v1.  The 2.6Mb region from 42.2 to 44.8 is enriched for probes that are poorly conserved or have no match in the Mo17 sequence and the majority of these probes exhibit much higher signal in B73 than in Mo17. (B) The data from 38 primer pairs are shown.  Blue indicates successful amplification for a particular inbred by primer combination while red indicates no amplification.  The full set of 38 primer pairs (see supplemental table 1 for details) amplify products in B73 but not in Mo17.  
Figure 5.  Distribution of average log2(M/B) for DNA segments. The distribution of the average log2(M/B) across segments was modeled using a four-component normal mixture model (Everitt and Hand, 1981).  The EM algorithm (Dempster, Laird, and Rubin, 1977)   was used to estimate the mixing proportion, the mean, and the variance associated with each of the four normal component densities, corresponding to four segment classes (labeled with arrows).  Class membership probabilities for each segment were computed using the EM estimates.   
Figure 6.  Distribution of CNV and PAV throughout the maize genome.  The position and average log2(M/B) for each Mo17>B73_CNV, B73>Mo17_CNV, B73>Mo17_I and B73>Mo17_PA segment is plotted for all 10 maize chromosomes.  The color coding indicates the type of segment.  The positions of the centromeres (Wolfgruber et al., submitted) are indicated by the black boxes.  
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Supplemental figure 1.  Flow-chart detailing the mapping of probe sequences to the B73 RefGen_v1.  
Supplemental Figure 2. Density plots of sample chip signal intensity before and after global q-spline normalization.  
Supplemental Figure 3.  Alterations of the distribution of log2(M/B) values following different normalization approaches.   
Supplemental figure 4. Significant hybridization differences are due to structural variation.  
Supplemental Figure 5.  Distribution of hybridization values in B73 and Mo17.   
Supplemental figure 6.  Volcano and MA plots for classes of repetitive probes.  
Supplemental figure 7.  Repetitive probes rarely report variation in B73 and Mo17.   
Supplemental figure 8.  Annotation of probes that exhibit significant (q<0.0001) variation in hybridization to B73 and Mo17 genomic DNA.   
Supplemental figure 9.  Volcano and MA plots for differing levels of conservation in Mo17 sequence.   
Supplemental figure 10.  Rates of variation and chromosomal distribution of probes with different levels of B73-Mo17 sequence conservation.  
Supplemental figure 11.  Genomic regions of low (A) or high (B) levels of structural variation.   
Supplemental figure 12.  Annotation of probes that are within stringent segments that exhibit CNV or PAV.  
Supplemental figure 13.  Distribution of Mo17 coverage for DNA segments in each category.   
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FOR 2 LINES OF THE MAIZE INTER-MATED B73 X MO17 (IBM) MAPPING POPULATION.  Modified from a paper published in PLoS one 2010, 5(12): e14178 Yan Fu1*, Nathan M. Springer2*, Kai Ying3,4*, Cheng-Ting Yeh5, A. Leonardo Iniguez6, Todd Richmond6, Wei Wu1, Brad Barbazuk7, Dan Nettleton8, Jeffrey A. Jeddeloh6, Patrick S. Schnable1,4,5** 
 1Department of Agronomy, Iowa State University, Ames, Iowa, United States of America, 2Department of Plant Biology, University of Minnesota, St Paul, Minnesota, United States of America, 3Interdepartmental Genetics Graduate Program, Iowa State University, Ames, Iowa, United States of America, 4Department of Genetics, Development and Cell Biology, Iowa State University, Ames, Iowa, United States of America, 5Center for Plant Genomics, Iowa State University, Ames, Iowa, United States of America, 6Roche NimbleGen, Inc., Madison, Wisconsin, United States of America, 7Department of Biology and the Genetics Institute, University of Florida, Gainesville, Florida, United States of America, 8Department of Statistics, Iowa State University, Ames, Iowa, United States of America  *These authors contributed equally ** Corresponding author: Roy J. Carver Co-Laboratory Iowa State University Ames, IA 50011-3650. E-mail: schnable@iastate.edu 
 
 
 
 
 
 
Abstract 
 To date, microarray-based genotyping of large, complex plant genomes has been complicated by the need to perform genome complexity reduction to obtain sufficiently strong hybridization signals. Genome complexity reduction techniques are, however, tedious and can introduce unwanted variables into genotyping assays. Here, we report a microarray-based genotyping technology for complex genomes (such as the 2.3 GB maize genome) that does not require genome complexity reduction prior to hybridization. Approximately 200,000 long oligonucleotide probes were identified as being polymorphic between the inbred parents of a mapping population and used to genotype two recombinant inbred lines. While multiple hybridization replicates provided ,97% accuracy, even a single replicate provided ,95% accuracy. Genotyping accuracy was further increased to .99% by utilizing information from adjacent probes. This microarray-based method provides a simple, high-density genotyping approach for large, complex genomes. 
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Introduction 
 The ability to rapidly determine genotypes at many loci in numerous individuals is critical to furthering our understanding of the inheritance of complex traits and for developing improved strategies for plant breeding. The use of molecular markers based on isozymes, RFLPs (restriction fragment length polymorphisms), SSRs (simple sequence repeats) and CAPS (cleaved amplified polymorphic sequences) genetic markers allowed for the construction of early genetic maps. However, these initial genotyping technologies were of relatively low throughput and required significant effort per data point. A number of technologies have been developed for high- throughput genotyping (reviewed by [1,2,3,4]). There are additional approaches that combine the use of microarrays and restriction digests such as diversity array technology (DArT) [5] and restriction site associated DNA (RAD) tags [6] to assay up to several thousand markers. These high-throughput approaches vary substantially in number of markers, amount of information required for development, accuracy, ease of application and data analysis. In particular, there are limitations on the application of some of these methods to species with large, complex genomes. The wide-spread availabilities of genomic and EST sequences in many species have led to the development of markers based on SNPs (single nucleotide polymorphisms). Several companies have developed high-throughput technologies that can genotype up to several hundred thousand SNPs in a single reaction [7,8]. Flibotte et al. [9] have reported the detection of SNPs in C. elegans (genome size 0.1 GB) using whole genome hybridization to arrays containing oligo probes designed based on the sequences of known SNPs (SNP-CGH). SNPs can be extremely valuable molecular markers but effort is required for the discovery and validation of SNPs, as well as for assay development. Alternative genotyping approaches that do not require prior knowledge of SNPs have also been developed. For example, RAD tags can be sequenced to discover and map SNPs [10]. Alternatively, SNPs and SFPs (single feature polymorphisms) can be detected by hybridizing genomic DNA or RNA to short oligonucleotide microarrays that contain short (~25 mer) oligonucleotides [11,12,13,14,15,16,17]. Longer oligonucleotide probes have also been used to detect SFPs caused by indel (insertion/deletion) polymorphisms [18,19,20]. Although this process is quite efficient in organisms with relatively small genomes, it has proven less successful for detecting polymorphisms in genomic DNA from organisms with larger genomes, such as maize (2.3 GB, [21]), due to a lack of sufficient signal strength. To obtain sufficient signal strengths in such species it is necessary to utilize RNA or reduced complexity (e.g., high Cot or methylation filteration) DNA. Unfortunately, these approaches introduce variables, such as expression level or filtration efficiency, that can complicate genotyping efforts. Previously we developed a custom long oligonucleotide microarray that yielded strong signals from whole genome hybridizations. This array was used to assess structural variation between the two maize inbreds B73 and Mo17 [22]. In that study ~200,000 probes were identified that exhibited highly differential and discriminatory hybridization signals between B73 and Mo17 genomic DNA. These hybridization differences were typically caused by the presence of multiple SNPs, small IDPs 
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(InDel Polymorphisms), and CNVs (copy number variants), including PAVs (presence absence variants), rather than by single SNPs [22]. To demonstrate the utility using these polymorphic probes as molecular markers for whole-genome genotyping in a large, complex genome, in this study two recombinant inbred lines (RILs) from the maize IBM mapping population [23] were randomly selected and analyzed via array comparative genomic hybridization (aCGH). In this report, we demonstrate the utility of using long oligonucleotide microarrays for high-throughput mapping in maize without the need to apply complexity reduction methods. The attractive features of this system are first, that it does not require prior knowledge of polymorphisms; second, that the genotyping results are highly accurate; third, high probe density allows for the fine-mapping of recombination breakpoints; and fourth, data analysis can be relatively simple.      
Results 
 
Identification of a large number of CGH-based polymorphisms  The first objective was to identify polymorphic probes that could be scored in the RILs. To identify such probes we used data derived from hybridization of the two parental genotypes (B73 and Mo17) to the microarray (all microarray data were deposited into GEO under Series# GSE16938). The microarray platform contained 1,262,421 probes that could each be unambiguously mapped to a single location (i.e., uniquely mapped) in the maize genome and that we therefore concluded are non-repetitive [22]. Following normalization and linear modeling (see [22] for full details), we identified 225,867 probes that exhibited significant differences in hybridization between B73 and Mo17 genomic DNA at a false discovery rate (FDR) cut-off of ,0.0001 (Table 1). The vast majority (91%) of these probes have higher hybridization signal intensities in B73 than in Mo17 and are referred to as B>M probes. Because the microarray was designed based on the reference B73 genomic sequence this observation is an expected consequence of ascertainment bias. B>M probes may have either of three possible characteristics. They can occur due to the existence of polymorphisms within the probe sequence between the two genotypes, due to the presence of more copies of the probe sequence in B73 than in Mo17, or due to a deletion of the probe sequence from the Mo17 genome. Because all probes were designed based on the B73 reference genome sequence, those probes that exhibit M>B hybridization ratios are expected to be present at higher copy number in the Mo17 genome than in the B73 genome.  
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An additional filter was applied to the derived probe list to cull for only the most utilitarian probes. This additional filter identified 173,122 probes that exhibited a minimum fold change of 2 (Table 1). This filter removed ,20% of the B>M probes and nearly 60% of the M>B probes.   The remaining 173,122 probes were annotated based on their genomic map positions relative to the B73 reference genome [21] and conservation in the Mo17 genome. Each probe sequence was compared with an ~5X whole-genome shotgun (WGS) sequence of Mo17 generated by the Joint Genome Institute using 454 sequencing technology (pre-publication access to these sequences was kindly provided by Dan Rokshar). Each probe was assigned a value of perfect match (100% identity and coverage), conserved (>90% coverage and identity) or ‘‘no match’’ (>90% coverage and/or identity). The majority (59%) of the B>M probes had no match in the collection of Mo17 WGS sequence reads, while only 1% had a perfect match (Table S1). Hence, as expected most (99%) of the B>M probe sequences are either absent from Mo17 or are polymorphic relative to B73. In contrast, the majority (51%) of the M>B probes had a perfect match in the collection of Mo17 WGS sequence reads, while only 13% did not have a match. Collectively, this set of polymorphic probes consisted of 173,122 probes, which included at least 12,000 probes for each of the 10 maize chromosomes (Table S2).  
Assessment of data analysis and subsets of polymorphic probes  
 The potential of these polymorphic probes for genetic mapping was evaluated using two B73xMo17 recombinant inbred lines (IBM RILs; [23]) both of which we and others had previously genotyped using ~10,000 markers [24,25]. To enhance the utility of microarray-based genotyping we assessed the importance of hybridization replication, compared various methodologies for data analysis, and determined the effects of polymorphism types upon the accuracy of genotype determinations. Comparisons of the number of markers and accuracy of several different analytical approaches, including linear modeling of replicates, simple assessment of relative signals from a single replicate, and BAC- based genotyping were considered most germane. A visualization of the results obtained for chromosome 1 mapping was made for each of these approaches and is depicted in Figure 1.  The first analytical approach (Method I) involved the use of normalization methodology and subsequent estimation of the errors accounted for by dye and genotype effects upon the signal as determined via a linear model. This approach allowed for statistical contrasting of RIL vs. B73 and RIL vs. Mo17 at each probe using two hybridizations (See Methods for details). q-values were obtained for each of these contrasting comparisons and each probe was assigned to one of four classes in each RIL. Probes that were significantly different (q,0.05) from B73 but not from Mo17 in the RIL hybridizations were assigned a genotype of B (Class I) and probes that were different from Mo17 but not from B73 were 
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assigned a genotype of M (Class II). Some probes exhibited significant differences as compared to both parental lines (Class III) or were not significant in either of the two comparisons (Class IV). These later two classes may reflect non-polymorphic probes, residual heterozygosity or complex genome arrangements of gene families. Based on the broad genomic distribution of these probes (black dots in Figure 1) it is unlikely that residual heterozygosity is a major cause. Method I was able to assign genotypes for 93–95% of B>M probes in both RILs and was unaffected by the use of filtering based on a fold change (Table 1). However, substantially fewer of the M>B probes (74–86%) could be assigned genotypes (Table 1). Previously obtained genotyping results (from [25]) were used to validate the array-based genotyping calls (see Methods for details). As expected, consistency rates were substantially higher for the B>M probes than for the M>B probes and the use of the filtered probe set provided only a slight improvement in the validation (consistency) rate. While Method I provides robust results, it requires substantial bioinformatics expertise, as well as replication of hybridizations, factors that could discourage the broad adoption of this microarray-based genotyping platform.  Therefore, a more streamlined analytic method (Method II) was considered. This method employed a single hybridization and thus vastly reduced the complexity of the required computational analyses. In Method II, spatially normalized data from a single array were analyzed and hybridization contrasts were considered without applying statistical methods (See Methods for details). Our goal was to assess the relative loss of accuracy and information achieved using this relatively simple method of analysis and a single hybridization as compared to the robust Method I. The genotype for each probe was assigned by calculating the hybridization difference of the RIL and B73 relative to Mo17 and B73 [(RIL-B73)/(Mo17-B73)]. Probes with values near zero have hybridization intensities that are more similar to B73 than to Mo17, while values near 1 have hybridization intensities more similar to Mo17 than to B73. All probes with values less than 0.33 were assigned a genotype of B73 and probes with values greater than 0.66 were assigned a genotype of Mo17. The remaining probes were not classified (visualization provided in Figure 1). This approach assigned genotypes to slightly fewer probes than did the linear model (Method I) and had a slightly lower validation rate. Even so, this less complex analytic method still provided genotyping calls for >90% of the B>M probes and these calls were ~95% consistent with independently determined genotypes. Note that the filtered set of B>M probes provided substantially more benefit for Method II than for Method I. Consequently, rigorous filtering of probes is more critical when using a single hybridization (Method II) than when data from multiple hybridizations (Method I) are available. Based on a comparison of genotyping calls between two replicates (only two of the M0023 Cy3 replicates was used to enhance the consistency of analyses) the majority of the genotype assignments determined using B>M probes were consistent between pairs of replicates and only 2–4% of probes were called as different genotypes in the two replicates. As expected, the performance for the M>B probes was substantially lower for this approach. Only 40–60% of the M>B probes were consistently assigned to the 
58 
same genotype across independent replicates and the rate of inconsistent calls between the replicates was higher (Table 1).  Next, we investigated the utility of assigning genotypes to RILs based on a series of probes that were closely linked and that exhibited similar genotyping calls. The physical map of the maize genome is quite accurate at a resolution of single BACs [21]. However, the order and orientation of DNA sequences within BACs is often not known. This can lead to incorrect fine-scale arrangements in the order of probes in our genotyping data. Assigning each BAC a genotype in each RIL alleviates this problem. BAC-level genotyping is also expected to increase the accuracy of genotyping assignments because it allows for a genotyping assignment to be made using multiple probes located on the same BAC. In addition, doing so simplifies data visualization by reducing the number of data points. For this analysis we used only those B>M probes that had a minimum of a 2-fold change because this set exhibited the greatest accuracy in both Methods I and II. To be assigned a genotype a BAC had to have at least 5 probes that were assigned a genotype of B73 or Mo17 and these probes had to exhibit at least 80% genotype agreement within the BAC. Using this approach, genotypes could be assigned to over 95% the 8,497 BACs that contain at least 5 polymorphic probes (Method III, Table 2). The different methods of analysis were able to assign a genotype for slightly different sets of BACs (Table 2) but for BACs that were assigned genotypes with both methods there was 100% agreement of the genotyping calls made by the different approaches. By comparing the genotyping assignments with the genotyping data of Liu et al. [25] we could demonstrate >99% accuracy for each of these approaches. This approach of assigning a genotype for each BAC in each RIL allows for simple visualization of the genotyping calls (Figures 1 and 2).  We assessed the resolution of the genotyping data that was generated by CGH. While some recombination break-points can only be resolved within ~100 kb due to lack of polymorphic probes in the region of the recombination event other crossovers can be resolved at quite high resolution. Figure 3 provides five examples of highly resolved crossovers in the M0022 RIL. The exact location of these five crossovers could be identified within 2,450 to 6,042 base pairs. The ability to pinpoint the location of recombination events was influenced by the number of polymorphic probes within the region.         
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Discussion 
 This report documents the feasibility of genotyping complex genomes via a microarray-based method that does not require the use of methods to reduce genome complexity prior to hybridization. To do so, we used long oligonucleotides, which increased our ability to detect signal from genomic DNA and leveraged the abundance of frequent and widely distributed differences in DNA sequences between haplotypes as molecular markers. This approach is particularly valuable because it allows for mapping experiments even in the absence of any prior knowledge of polymorphisms between the parents of a mapping population, does not require extensive laboratory manipulation and can be performed using a single hybridization replicate. Additional experiments (data not shown) have demonstrated that this approach can be used to genotype individuals containing heterozygosity (such as F2 individuals) as well as homozygous RILs. 
 
Comparison of linear model (Method I) and single array (Method II) analyses 
 Careful comparisons enabled us to determine the numbers of markers that could be genotyped, and their validation rates using replicated data analyzed using a linear model (Method I) as well as a more simplified analysis (Method II) conducted on non-replicated data. Replicates did provide slightly high numbers of markers that could be scored and yielded genotyping data that was validated at slightly higher rates. However, when probes were filtered to use only those that exhibited at least 2-fold change between the parental lines, the overall validation rates for Methods I and II were quite similar. We found that assigning genotypes to each BAC based on the occurrence of multiple polymorphic probes within the same BAC provided highly accurate genotyping scores. Indeed, this method resulted in nearly perfect validation rates (>99%). If it is desired to perform fine-scale mapping of recombination break-points to the highest possible resolution it would be possible to first conduct a BAC-based analysis to map recombination breakpoints to a BAC-level resolution. Subsequently, the analysis of individual probes within those BACs near the recombination breakpoint could further define the position of the recombination breakpoint. 
  
Genotyping accuracy of different classes of probes 
 Because this method relies on long oligonucleotide probes many of the detected polymorphisms are likely to be structural variants. Because our probes were designed based upon the sequence of the B73 reference genome [21], each exhibits a perfect match to B73. Therefore, all probes with higher hybridization intensities in Mo17 than in B73 (M>B probes) are expected to represent sequences that are present in more copies in Mo17 than in B73 (CNVs). In contrast, the sequences detected by probes having higher hybridization intensities in B73 than in Mo17 (B>M probes) are likely to: 1) exhibit multiple sequence differences (SNPs and/or IDPs) between B73 and Mo17; 2) be absent from the Mo17 genome 
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(PAVs); or 3) exist in higher copy number in B73 than in Mo17 (CNV). Because only probes that had a single match to the B73 reference genome were used in this analysis, it is likely that most of the B>M probes are from the first two classes. Consistent with this view, a comparison of the B>M probes with a collection of Mo17 WGS sequences (~5X coverage) revealed that many do not have a 90% identical sequence. Although all probes used in this analysis are single copy in the B73 reference genome, it is, however, conceivable that some of the B>M probes match duplicated regions of the actual B73 genome that were either not sequenced or that were inadvertently collapsed into single copies during genome assembly. Hence, a small fraction of the B>M probe sequences may in fact exist at higher copy numbers in the B73 genome than in the Mo17 genome. Consistent with this possibility, a small fraction (1%) of the B>M probes had a perfect match to Mo17. This result is unexpected if indeed these probe sequences exist as single copy sequences in the B73 genome. The 13% of the M>B probes that did not have matches in the collection of Mo17 WGS sequence reads could be the result of inadequate sampling of the Mo17 genome. Although a small fraction of probes exhibit hybridization patterns that differ from expectations for various reasons, the overall mapping accuracy and resolution generated using this technology is high. It is noteworthy that the proportion of M>B probes that could be called and their validation rates were much lower than for the B>M probes. This likely reflects the fact that copy number variants (CNVs) could be in either the cis or trans configuration. If the multiple copies of a probe sequence are not closely linked in the Mo17 genome (i.e., in a trans configuration) they would be expected to segregate among RILs, potentially yielding novel hybridization signals (i.e., not similar to either of the parental signals). 
 
Mapping strategy 
 In the experiments reported here we used an array that contained ~2.1 M probes. Roche NimbleGen also offers a customizable 12- plex suite of arrays. It contains 12 sets of the same 135,000 probes on a standard glass slide. Using the data obtained from a single dye-channel such a 12-plex array can be used to genotype 24 lines; these arrays have significant advantages from the perspectives of cost and efficiency. We have considered how best to modify our mapping strategy to accommodate the fact that each genotype will be analyzed with fewer probes (135,000 vs. 2.1 M). As a consequence of the high degree of sequence polymorphism in maize ,10% of the probes on our 2.1 M array (i.e., ,200,000) proved to be polymorphic between B73 and Mo17 even though our custom array was designed based on the B73 haplotype without reference to the sequence of the Mo17 haplotype. We expect quantitatively similar results would be obtained when comparing B73 to any other inbred that is not closely related to B73. Indeed, this was observed in comparisons of the inbreds Hp301 and Tx303 to B73 (unpublished observation). But importantly for the design of a mapping strategy, the same probes are not likely not be polymorphic in all comparisons or mapping populations.  We therefore recommend a two-step mapping strategy. In the first step a survey array containing 
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,2.1 M probes sampled from the low-copy, genic regions of the genome of interest will be used to identify probes that are informative in a given population via hybridizations to the parents of the mapping population. In the second step, based on the results of these hybridizations,,135,000 of the most informative polymorphic probes would be selected and used to construct 12-plex arrays for genotyping members of a mapping population.    We recommend for routine genotyping experiments using those probes that exhibit higher hybridization intensities from the reference genome (e.g., B>M probes) for initial mapping applications because they have higher validation rates. Subsequent analyses could use probes having higher hybridization intensities in the non-reference genome to estimate the relative rates of tandem and dispersed duplications. 
   
 
 
 
 
Material & Methods 
 
Plant materials  
 Genomic DNA was isolated from two-week-old seedlings of the inbreds B73 and Mo17 as well as from two IBM RILs: M0022 and M0023. According to previous genotyping results [24] the genomes of these two RILs are ,56% identical. 1 mg of DNA was labeled using either 59 Cy3 or Cy5-labeled Random Nonamers (TriLink Biotechnologies). DNA was incubated for 2 hours at 37uC with 100 units (exo-) Klenow fragment (NEB) and dNTP mix (6 mM each in TE; Invitrogen). Labeled samples were then precipitated with NaCl and isopropanol and rehydrated in 25 ml of VWR H20. 34 mg of test and reference samples were combined in a 1.5 ml tube and dried down using a SpeedVac. Samples were resuspended in 12.3 ml of H20 and 31.7 mlof NimbleGen Hybridization Buffer (Roche NimbleGen Inc.) and incubated at 95uC. The combined and resuspended samples were then hybridized to the array for 60–72 hours at 42uC degrees with mixing. Arrays were washed using NimbleGen Wash Buffer System and dried using a NimbleGen Microarray Dryer (Roche NimbleGen, Inc). Arrays were scanned at 5 mm resolution using a GenePix4000B scanner (Axon Instruments). Data were extracted from scanned images using NimbleScan 2.4 extraction software (Roche NimbleGen, Inc.), which allows for automated grid alignment, extraction and generation of data files. For this experiment, five hybridizations were performed and the samples hybridized to each array are as follows: Array 1 M0023 (Cy3)/B73 (Cy5); Array 2 M0022 (Cy3)/B73 (Cy5); Array 3 Mo17 (Cy3)/ M0023 (Cy5); Array 4 Mo17 (Cy3)/M0022 (Cy5); Array 5 M0023 (Cy3)/B73 (Cy5).   
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CGH data analyses    
 The probes were mapped to the B73 RefGen_v1 genome sequence [21] with 100% identity and coverage [22] and only probes with a single perfect match were used for this analysis. The integrated genetic and physical map of maize [25] was used to determine the physical location of each genetic marker on B73 RefGen_v1. The hybridization intensity of each mapped probe was estimated within each genotype using LIMMA[26] according to [22]. When applying q,0.0001 cutoff [27], a total of 225,867 probes that exhibited significantly different hybridization signals between B73 and Mo17 were deemed to be polymorphic. This set was further divided and filtered based on which genotype exhibited a higher signal and whether there was at least a 2-fold change in signal intensity between B73 and Mo17 (Table 1). 
 
CGH-based Genotyping   
 
Linear model. A linear model was used to calculate a q-value to estimate the false-discovery corrected probability that a particular probe was different from B73 or from Mo17. For each RIL, a probe was assigned a value of ‘‘B73’’ if it was significantly different from Mo17 (q<0.05) but not from B73 and was assigned a value of ‘‘Mo17’’ if it was significantly different from B73 (q<0.05) but not from Mo17. The probes that were significantly different from both or neither parental lines were not assigned a genotype.  
Single array based model. A simple model was employed to assign genotype calls using a single replicate of data. The spatially normalized data extracted for each array using the NimbleScan software were imported into Excel. For each probe the value of [(RIL-B73)/(Mo17-B73)] was calculated. Cut-off values of 0.33 and 0.66 were arbitrarily selected for the purpose of this analysis. All probes having values of less than 0.33 was assigned a genotype of B73, while probes having values greater than 0.66 were assigned a genotype of Mo17. Probes with values between 0.33 and 0.66 were not classified. The values for different replicates were subsequently compared to determine the number of genotype assignments that were shared or conflicting for each of the hybridizations.  
BAC based genotyping. Genotypes of each BAC were determined by comparing the calls for all polymorphic probes within a BAC. Genotypes were assigned to BACs have at least five polymorphic probes and only BACs with at least 80% agreement for the genotypes of all probes within the BAC that were classified as B73 or Mo17. The ‘‘consensus’’ genotyping assignments were assigned when a BAC was assigned the same genotype for each of the replicates for a RIL. 
 
Validation of genotype assignments 
 The genotype scores for each of the two RILs were collected from a total of 10,143 markers [25] including IDP markers [24], TIDP markers [28], SNP markers [29] and other markers downloaded from 
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MaizeGDB (http://www.maizegdb.org). If one of these markers was located within 5,000 bp of a probe, the genotype obtained from this marker was treated as the ‘‘true’’ genotype for this probe. The proportions of the genotyping calls for probes that were supported by these other markers were then determined.        
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Table 1. Comparison of genotyping using different subsets of probes and multiple analysis 
methods. 
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Figures 
 
Figure 1. Comparisons of analytical approaches for CGH-based mapping. Data for B>M probes located on chromosome 1 that exhibit at least a 2-fold change (n = 26,953) were plotted following the use of different data analysis approaches. The upper set of plots display data for the RIL M0022 while the lower panels show data for the RIL M0023. The plots on the left and right display probes from the entire chromosome 1 and a close-up view of a 20 Mb region of chromosome 1 (positions 200 Mb–220 MB), respectively. For each set of plots the first panel provides visualization genotyping calls and log2 (RIL/B73) ratios following normalization and analysis using a linear model of multiple replications (Method I). The second and third panels show the genotyping calls and log2(RIL/B73) ratios based on the analysis of a single replicate of data that was normalized using standard NimbleScan approaches (Method II). The final plot shows the genotyping calls for each BAC (n = 1,369) using data from replicate 1 (Method III).  
 
 
 
Figure 2. Visualization of whole genome genotypes of two RILs. The genotype of each BAC with at least 5 filtered B>M probes (n = 7,978 that were called in both lines) was determined and color coded (B73 – blue; Mo17 – red). BACs were then plotted according to their physical positions along a chromosome (x-axis) and by chromosome (y-axis). This visualization was created using a single replicate of data. 
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Figure 3. High-resolution of recombination break-points. Several plots show detailed views of the CGH mapping data near recombination events in the RIL M0022. The log2(M0022/B73) value is plotted along the y-axis for each of the B>M probes (q<0.0001 and fold-change>2) in five genomic regions. The arrowheads indicate the position of the recombination event and the label indicates the chromosome and the base pair resolution of the recombination event. 
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Abstract 
 A careful analysis of two maize recombinant inbred lines (RILs) relative to their inbred parents revealed the presence of several hundred apparently de novo copy number variants (CNVs). These 
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changes in genome content were validated via both PCR and whole exome-array capture-and-sequencing experiments. 185 genomic regions, which overlap with 38 high-confidence genes, exhibited apparently de novo copy number variation (CNV) in these two RILs and in many instances the same apparently de novo CNV events were observed in multiple RILs. Further analyses revealed that these recurrent apparently de novo CNVs were caused by segregation of single-copy homologous sequences that are located in non-allelic positions in the two parental inbreds. F1 individuals derived from these inbreds will be hemizygous for each of these non-allelic homologs but RIL genotypes will contain these sequences at zero, one or two genomic loci. Hence, the segregation of non-allelic homologs may contribute to transgressive segregation. Indeed, statistical associations between phenotypic QTL and genomic losses were observed for two of 14 tested pairs of non-allelic homologs. 
 
 
 
 
 
Introduction 
 Genomes were once thought to be relatively stable structures having conserved gene order and gene content among individuals within a species. More recently, it has been demonstrated that the genomes of two individuals of the same species can exhibit substantial structural variation. For example, copy number variation (CNV), which refers to the number of copies of a particular sequence in different individuals of the same species, has been observed in many species (Chen et al. 2009, Conrad et al. 2010, Daines et al. 2009, DeBolt 2010, Fadista et al. 2008, Fadista et al. 2010, Hurwitz et al. 2010, Iafrate et al. 2004, Sebat et al. 2004, She et al. 2008, Springer et al. 2009). Geneticists are still exploring the ramifications of this intra-specific structural variation. The maize lineage experienced a whole genome duplication ~5-12 million years ago (MYA), followed by gene fractionation which removed one member from some pairs of duplicated genes (Langham et al. 2004, Woodhouse et al. 2010). In addition transposons and perhaps other mechanisms have duplicated and transposed genomic sequences (including genes) throughout the genome (Bennetzen 2000, Jiang et al. 2004, Lai et al. 2005, Zhang and Peterson 2005). In combination these processes have resulted in a large and complex genome. Maize exhibits high levels of intraspecific variation (Lai et al. 2010, Schnable et al. 2009), including thousands of CNVs and genic presence-absence variants (PAVs) (Belo et al. 2010, Springer, et al. 2009, Swanson-Wagner et al. 2010). Maize is an excellent model for the study of quantitative trait variation. It exhibits prevalent transgressive segregation such that the recombinant offspring of two inbred varieties can exhibit phenotypes outside of the parental range.  In this report we document the existence of numerous non-allelic homologs in maize. These non-
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allelic homologs represent single copy sequences that are present at different chromosomal locations in different individuals. A detailed analysis of CNVs was undertaken using several RILs (recombinant inbred lines) relative to their inbred parents. We detected more examples of apparently de novo CNV than expected and noted that several of these apparently de novo CNV were found in multiple RILs. Our investigations of these instances of recurrent apparently de novo CNV (Brunetti-Pierri et al. 2008, Fernandez et al. 2010, Neill et al. 2011, Shinawi et al. 2010) revealed that they were in at least most instances the result of segregation of non-allelic homologs (SNH), which generated RILs that completely lack or have extra copies of a given sequence. Finally, we provide evidence that these changes in sequence content can contribute to phenotypic variation.                
 
Results 
 
Chromosomal segments that exhibit non-parental-signals Array-based comparative genomic hybridization (aCGH) experiments were conducted using genomic DNAs from two maize inbred lines, B73 and Mo17 (Springer, et al. 2009), and two of the IBM (Intermated B73 x Mo17) RILs (Lee et al. 2002): M0022 and M0023 (Fu et al. 2010) derived from these parental inbreds. A careful analysis of the aCGH signals of single-copy (i.e., those mapped to single genomic positions in the B73 genome) probes revealed that 0.06% (1,086/1,780,475 in RIL M0022) and 0.13% (2,338/1,780,475 in RIL M0023) of probes yielded signals in the RILs that were statistically different from those of both parents (Figure 1, Figure S1, S2, S3, Table S1). We defined these probes as putative de novo CNV probes. Many of these probes exhibiting unique levels of hybridization signal in the RILs relative to the parental genotypes can be grouped into “segments” using DNAcopy software (Methods). There are 67 chromosomal segments in RIL M0022, and 130 in RIL M0023 (Table 1 and Table S2) that represent putative de novo CNV events in the RILs. These include both gain and loss events, indicating copy number gain and loss, respectively. The average length of these CNV segments is 2.8 kb with the longest being 53.4 kb (Figure S1). The majority (69%) of the 197 chromosomal segments do not exhibit substantial differences in aCGH signal between B73 and Mo17. Hence, these aCGH results indicate that although the corresponding probes and chromosomal segments do not exhibit CNV between the inbred parents, these sequences do exhibit CNV in the RILs. These putative de novo CNV comprise 0.009% and 0.012% of the M0022 and M0023 genomes, respectively.  To confirm and extend these results a NimbleGen whole exome-array was used to capture and 
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sequence the genic portions of the chromosomal segments that exhibit non-parental hybridization levels (Methods). We separately (N=4) captured genomic DNAs from the parental inbreds (B73 and Mo17) and the two RILs (M0022 and M0023) using a previously published protocol (Haun et al. 2010). 32-37 million 40-bp paired-end Illumina reads generated from each capture were aligned to the B73 reference genome (GenBank accession no. SRA036595). Reads that uniquely mapped to the 197 chromosomal segments identified via aCGH were counted for all four genotypes. Figure 2 compares the aCGH and exome-Seq results of two chromosomal segments in both RILs. For subsequent analyses we focused on the 61 segments for which at least 30 reads were obtained from the B73 capture. Of these, 54 and 7 segments had exhibited aCGH signal losses (copy losses) and gains (copy gains) in the RILs relative to B73, respectively (Figure S4). The aCGH and exome-Seq count data for these segments are highly correlated (correlation=0.62). In the vast majority (45/54) signal loss segments, at least 80% fewer reads were obtained from the affected RIL than from B73. Notably, no reads were obtained from the affected RIL in 24 (of 54) chromosomal segments that exhibited signal loss in the aCGH experiments, demonstrating that these segments are completely absent from the RIL genome. Consistently, more reads were recovered from the RILs than from B73 for all 7 segments that exhibited signal gains in the RILs relative to B73, indicating that the RIL genomes contain more copies of these segments than do the parental genomes (Figure S4). Similar results were observed in comparisons to Mo17 (Figure S4). These exome-Seq results confirm the existence of apparently de novo CNV for many of the chromosomal segments in the RIL genotypes. 
 
Apparently de novo CNV are the result of segregation of non-allelic homologs (SNH) There are a number of potential mechanisms for de novo CNV formation including non-allelic homologous recombination (NAHR), rearrangements in the absence of extended sequence similarity associated with DNA repair by non-homologous end-joining (NHEJ) or with microhomology-mediated break-induced replication (MMBIR), contraction or expansions of variable number tandem repeats (VNTRs) and mobile element insertions (MEI) (Mills et al. 2011). Alternatively, apparently de novo CNV can be formed by segregation of single copy sequences that are located in non-allelic positions. If two parental lines both contain a single copy of a sequence that is located at unlinked genomic positions, then the F1 will be hemizygous for each of these copies and meiotic segregation will generate F2 (or RIL) genotypes with zero, one or two copies of the sequence (Lu et al. 2012). The relatively high rate of apparently de novo CNV observed in the RILs suggested that segregation of non-allelic homologs (SNH) might be responsible.  
 Several lines of evidence support this hypothesis. First, we noted that the locations of copy number gains and losses in the RILs exhibit dependence on the parental origins of the chromosomal segments containing these gains or losses. Those associated with significant signal losses in the RILs are 
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embedded within Mo17-derived chromosomal regions, while 19/20 apparently de novo CNV with significant signal gains are embedded within B73-derived regions (Figure 1). This would be expected if the apparently de novo CNV arose via SNH. Second, 12 chromosomal segments exhibited apparently de novo CNV in both RILs, resulting in 185 non-redundant segments (Table 1 and Table S2). SNH would be expected to yield a high rate of recurrent apparently de novo CNV. To further examine the degree to which the apparently de novo CNVs are shared among RILs, PCR primers were designed based on several chromosomal segments that exhibited signal loss in at least one of the RILs and used to amplify products in 300 IBM RILs. Every one of these segments was missing in multiple RILs (6%-34%) (Table S3), providing evidence that these segments exhibit frequent apparently de novo CNV origin, consistent with SNH.  The third piece of evidence that supports the role of SNH in the generation of these apparently de novo CNV is based on mapping of these sequences in B73 and Mo17 using mate pairs (Methods). Using conservative criteria 40 (M0022) and 68 (M0023) of the 197 segments exist in non-allelic positions in the B73 and Mo17 genomes (Table S4 and Table S5). In most instances (5,621/5,709) the positions of non-allelic homologs inferred by aligning the Mo17 mate-pair reads to the B73 reference genome do not correspond to expectations based on the whole genome duplication event (Krzywinski et al. 2009, Schnable, et al. 2009), indicating differential losses of genes in duplicated genomes is not the dominant mechanism underlying SNH. In contrast, only 2 (M0022) and 6 (M0023) of 197 random control segments mapped to non-allelic positions in the Mo17 genome (Figure 4 and Table S4). Hence, consistent with the SNH model, more than half of the sequences that give rise to apparently de novo CNV are located in non-allelic positions in the B73 and Mo17 genomes. 
 
Impact of SNH-derived CNV on phenotypic traits The SNH model predicts that meiotic segregation will act on non-allelic homologs, resulting in novel complements of sequences (losses and gains) among progeny relative to parental haplotypes (Figure 3). Those SNH-derived CNVs that involve genes would be particularly interesting because they could result in novel genic complements in progeny relative to parents.   The maize genome sequencing project defined a set of 32,540 high-quality gene annotations that is referred to as the Filtered Gene Set (FGS, ver. 4a.53). Prior to inclusion in the FGS gene models were rigorously filtered to remove gene fragments and sequences with similarity to transposons. 35 of the observed cases of SNH-derived CNVs overlap (partially or completely) with 38 of the high-quality gene models in the FGS (Table S6). RNA-Seq data from apices (GenBank accession no. SRA036595, Methods) provided evidence of expression for 24 (63%) of these genes that are affected by SNH-derived CNV (Table S6). In addition, 27 (71%) of these genes have homologs in sorghum or rice, indicating phylogenetic 
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conservation. In combination, these lines of evidence suggest that many of the genes affected by SNH-derived CNV are probably functional.   To test whether changes in gene complement caused by SNH-derived CNV have phenotypic consequences, we collected data on a number of phenotypic traits from the ~300 IBM RILs discussed above. Each of the 14 assayed cases of SNH-derived CNV fully or partially overlaps at least one of the high-confidence genes in the FGS. We then compared the average phenotypic trait values of RILs that did or did not experience gene loss via SNH. After controlling for multiple testing (Methods), losses of two of the 14 tested chromosomal intervals were significantly associated with phenotypic variation. Chromosomal interval M0022_seg30 is significantly associated with reduced cob diameter (adjusted p-value=0.03) and kernel row number (adjusted p-value=0.01). Similarly chromosomal interval M0022_seg15/M0023_seg22 (which includes a putative peptidyl-prolyl cis-trans isomerase gene) is associated with increased tiller number (adjusted p-value=0.01) (Table S7).  
 
 
 
 
 
 
Discussion 
 
De novo CNV has been hypothesized to arise via transposon-, recombination- and replication-mediated mechanisms (Conrad, et al. 2010, Hastings et al. 2009, Innan and Kondrashov 2010, Mills, et al. 2011, Springer, et al. 2009, Stankiewicz and Lupski 2010). The association between the distributions of gains and losses of apparently de novo CNV observed in this study and the parental origins of the surrounding chromosomal segments (Figure 1) is inconsistent with transposon-mediated mechanisms acting during the several generations required to produce the RILs. Further, the high rates of recurrence of apparently de novo CNV are inconsistent with recombination- and replication-driven mechanisms because these mechanisms are reported to generate losses and amplifications at much lower rates (Lupski 2007, Turner et al. 2008, van Ommen 2005, Yandeau-Nelson et al. 2006). In contrast, SNH-derived CNV is not the result of active rearrangements of DNA but is instead the result of meiotic segregation acting upon transposed gene copies and in some cases, fractionation events following the whole genome duplication. Collectively, our observations suggest that SNH results in CNV for hundreds of maize loci.   The maize genome is a product of an ancient tetraploidization event and now consists of two “subgenomes” (Schnable et al. 2011) having different properties, including gene expression levels. Intra-chromosomal recombination events can result in the loss of the copy of a pair of homologs from one 
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subgenome (Woodhouse, et al. 2010). Although the two subgenomes exhibit different rates of genes loss (Schnable, et al. 2011), this process and others such as transposon-mediated gene duplication/transpositon (Jiang, et al. 2004, Lai, et al. 2005) have generated numerous non-allelic homologs (Eichten et al. 2011). We have demonstrated that meiotic segregation of these non-allelic homologs generates CNV affecting hundreds of loci in the progeny of a single cross (Figure 3). The 185 detected SNH-derived CNV affect 38 high-confidence genes. Considering the stringent criteria used in this study, this frequency is likely to be an underestimate.  The SNH Model exhibits similarities to the “Reciprocal Gene Loss Model” first proposed by Lynch and Force (Lynch and Force 2000) to explain interspecific genomic incompatibility. This model proposed that the loss of different copies of duplicated genes in different populations would lead to gene loss in gametes from F1 individuals. This process has been demonstrated in crosses among three yeast species (Scannell et al. 2006) and between two fish species (Semon and Wolfe 2007). It has also been shown to affect single genes in several intra-specific studies, including Drosophila (Masly et al. 2006) and Arabidopsis (Bikard et al. 2009). The SNH Model differs from the Reciprocal Gene Loss Model in that it occurs intra-specifically, can generate copy number gains, and can act on non-allelic homologs generated via various mechanisms. The SNH Model would be expected to generate CNV in any species that contains non-allelic homologs and undergoes meiotic segregation. In maize we believe some of the non-allelic homologs arise via fractionation, but the mechanism outlined in Figure 3 can occur regardless of the mechanism by which the non-allelic homologs were originally generated. For example, with only minor modifications this mechanism could also generate CNVs in a species that contains non-allelic homologs generated via the transposition of single-copy genes (Vlad et al. 2010).  
 
Phenotypic effects of SNH-derived CNV and PAVs Although CNV has previously been associated with genetic disorders in humans (Stankiewicz and Lupski 2010), this report provides evidence that the segregation of CNV via the SNH Model can also contribute to the phenotypic variation present in crop species such as maize. This model may also shed light on transgressive segregation, i.e., the appearance of progeny from a bi-parental cross whose phenotypic values exceed those of their parents (Rieseberg et al. 1999).   The findings reported here have significant implications for the large-scale efforts underway to identify the genetic determinants of phenotypic variation in humans, model and agricultural species. This is because the genetic determinants of phenotypic variation arising via the SNH Model will not be detected via traditional single marker association studies or QTL analyses. Indeed, the synergistic effects from multiple unlinked genomic loci are likely to lower the power of such traditional one-dimensional analyses. Multiple-dimensional scans that consider the synergistic effects of multiple markers on 
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phenotypes can overcome this limitation of traditional genetic mapping approaches. Although computationally intensive, such studies are now tractable (Koesterke et al. 2011). Another concern is that if PAVs are not in linkage disequilibrium (LD) with nearby genetic markers such as SNPs, the power of association studies that rely on such markers will be reduced. It will be interesting to determine whether the direct genotyping of PAVs via CGH-based genotyping (Fu, et al. 2010) or genotyping-by-sequencing approaches (Andolfatto et al. 2011, Elshire et al. 2011, Fogu et al. 2007, Huang et al. 2009, Lai, et al. 2010) will uncover at least a fraction of the “missing heritability” observed in genome-wide association studies (Kump et al. 2010).  
 
 
 
 
 
Material & Methods 
 
Genetic stocks Two maize inbred lines, B73 and Mo17, and two recombinant inbred lines (RILs), M0022 and M0023, are extracted from the Intermated B73 x Mo17 (IBM) Syn4 population (Lee, et al. 2002). The RILs used in this study were from the F7-9 generation. 
 
Identification of putative de novo CNV probes The array CGH experiments (GEO: GSE16938), data processing and statistical analyses were performed as described previously (Fu, et al. 2010, Springer, et al. 2009). Contrasts were performed between B73 vs. Mo17, B73 vs. RIL and Mo17 vs. RIL. A p-value was determined for each probe from each contrast. To account for multiple testing, p-values were converted to q-values (Benjamini and Hochberg 1995). Probes with significantly higher or lower signals in the RILs when compared to both B73 and Mo17 were termed putative de novo CNV probes. Signal loss probes were called using the criteria of q-value (RIL vs. B73)<0.0001, q-value (RIL vs. Mo17)<0.0001, log2(signal ratios of RIL/B73)<0 and log2(signal ratios of RIL/Mo17)<0; signal gain probes were called using the criteria of q-value (RIL vs. B73)<0.001, q-value (RIL vs. Mo17)<0.001, log2(signal ratios of RIL/B73)>0 and log2(signal ratios of RIL/Mo17)>0. Different q-value cutoffs were used to identify signal loss probes and signal gain probes because aCGH technology has a greater power to detect copy number losses than copy number gains (Altshuler et al. 2010). 
 
Determination of appropriate parental control for each probe in aCGH analyses of RILs  For each aCGH probe, the log2 ratios of the hybridization signals of the RIL vs. B73 (log2(RIL/B)) and separately vs. Mo17 (log2(RIL/M)) were calculated. A log2 ratio that is greater (or smaller) than 0 
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indicates that a given probe yields a stronger (weaker) signal in the RIL than in a particular parental inbred. For each aCGH probe, the smaller of absolute value of log2(RIL/B) and the absolute value of log2(RIL/M) was used to identify the presumptive parental origin (B73 or Mo17) in the RIL of the chromosomal segment from which each probe was designed. For each probe this parental hybridization value (log2(RIL/B|M) was used for the calculations plotted in Figure 1.   
 
Segmentation of putative de novo CNV probes to identify putative de novo CNV segments 
 The putative de novo CNV probes were converted to 1 (copy gain compared to B73) or -1 (copy loss compared to B73). All other probes were assigned a value of 0. The converted binary data were subjected to segmentation via DNAcopy (Olshen et al. 2004) using the parameters: alpha=0.01, nperm=10000, p.method="perm", eta=0.01, min.width=3. Putative de novo CNV segments were required to contain at least three putative de novo CNV probes and a median absolute deviation (MAD) equal to 0. 
 
RIL segmentation to distinguish the origin of regions from either B73 or Mo17 Probes that distinguished B73 and Mo17 were identified using the criteria: q-value (Mo17 vs. B73)<0.0001 & log2(Mo17/B73) < (-1). These probes were treated as genetic markers to genotype the RILs, most of which were grouped into Mo17-type (q-value (RIL vs. B73)<0.001 & q-value (RIL vs. Mo17)>0.1) or B73-type (q-value (RIL vs. B73)>0.1 & q-value (RIL vs Mo17)<0.001).  To avoid the partition of a chromosomal region exhibiting the same origin into multiple segments, the array CGH genotyping results were converted to binary data (B73-type=1; Mo17-type=0) and merged to perform segmentation as described above. Segments smaller than 200 kb and having a mean segment value between 0.1 and 0.9 were removed from further analysis. By so doing, we excluded segments that were ambiguously assigned as being B73-type or Mo17-type and small segments that might represent misassemblies in the reference genome. 
 
Exome-Seq Gene annotation information was downloaded from www.maizesequence.org (http://ftp.maizesequence.org/release-4a.53/filtered-set/ZmB73_4a.53_FGS.gff.gz). This annotation set was defined as the entire set of evidence-based genes (predicted by Gramene GeneBuilder), complemented by a set of Fgenesh models. Pseudogenes, TE-encoded genes, and low-confidence models were filtered out to produce the final annotation set. Coding sequence coordinates were extracted from this annotation (251,067 regions; 55.5Mbp) and consolidated into non-overlapping regions (152,529 regions; 37.9Mbp). These regions were padded to a minimum region size of 100bp, and again 
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consolidated into non-overlapping regions (151,929 regions; 39.7Mbp). Final coordinates were offset by 35bp to account for capture probe length overhang at the end of each region. Variable length capture probes (50- to 100-mers) were selected by tiling through each region at an average spacing of 48bp (measured from 5' start to 5' start). Repeat-masking was done by generating a histogram of all 15-mers in the maize genome and removing probes with an average 15-mer frequency greater than 100. Probe uniqueness was assessed using SSAHA (http://www.sanger.ac.uk/resources/software/ssaha/), using a minimum match size of 26. No more than 3 matches were allowed for capture probes. The final design covers 131,469 of the 151,929 original regions, and has a total capture space of 55.4Mbp. The Sequence Capture Developer 2.1M feature array design 100224_ZmB73_public_exome_cap_HX3 is available for purchase from Roche NimbleGen (http://www.nimblegen.com/). 
 
Analysis of Exome-Seq data Novoalign 2.05.31 (http://www.novocraft.com/) was used to map all reads (40bp) to reference genomes, including the B73 reference genome (B73ref_v1), the maize mitochondrial genome (Genbank acc#: AY506529.1) and the maize chloroplast genome (Genbank acc#: X86563.2). Reads that were uniquely mapped with ≤2 mismatches (insertions and deletions was counted as mismatches) were used for further analysis. Read counts of each putative de novo CNV segment were adjusted by the addition of 1 to avoid zero values and were then used to calculate log2(RIL/B73) and log2(RIL/Mo17). 
 
RNA-Seq RNA was extracted from a pool of 3-6 apexes of 14-day old seedlings of the inbreds B73 and Mo17 using the Qiagen RNeasy Plant Mini Kit (Cat. # 74903, http://www.qiagen.com/default.aspx). RNA-Seq was conducted using an Illumina GAIIx instrument at the Iowa State University DNA facility following an Illumina protocol (mRNA-seq Sample Preparation Guide, http://www.illumina.com/).  
Genotyping of a subset of the apparently de novo CNV segments on the RIL population Primers were designed on a subset of the apparently de novo CNV segments that fully or partially overlap with transcription- or annotation-supported genes to directly genotype >300 intermated B73xMo17 recombinant inbred lines. A primer pair was designed for each selected segment using the B73 reference sequence. Primers were aligned to JGI 454 Mo17 reads to ensure that primers work for Mo17. This PCR program consisted of 94°C for 10 min; 35 cycles of 94°C for 30 sec, 60°C for 45 sec, 72°C for 1.5 min; and a final extension at 72°C for 10 min in a 20-l volume. Three existing genetic markers of the intermated B73xMo17 genetic map (Liu, et al. 2009), IDP525, IDP7957 and IDP7324, were used as the PCR control primers. The IDP525 marker has been used to genotype the full set of RILs previously (Liu, et al. 2009). The RILs with poor or no PCR amplification of any IDP markers or inconsistent IDP525 
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PCR results between the previous scores and the re-genotyping scores were not used for further analysis.  
 
Phenotyping RILs  The following traits were collected from 291 IBM RILs: seedling dry weight, average kernel weight, cob diameter, cob length, cob weight, kernel count, kernel row number, total kernel weight, tiller number, ferulic acid (FA), p-coumaric acid (PCA), brace node number (BN), node number above primary ear (NA), node number below primary ear (NB) and total node number (NT). Four replicates of seedling dry weight trait data and three replications of other traits data were collected. Least square means for each genotype were estimated using the SAS code for the traits except for tiller number. Mean of tiller number for each genotype was calculated among replicates. 
 
Phenotypic associations of SNH-derived CNVs  T-tests were used to test the null hypothesis that no association exists between segmental copy loss and each of the phenotypic traits. For each tested segment, RILs were divided into two groups based on the results of PCR-based genotyping, i.e., RILs with and without the expected PCR bands. The t-test assuming equal variation between two groups was conducted for each trait, generating a p-value. A permutation test was implemented to account for multiple testing for each segmental copy loss. In each permutation of a given segment, the genotyping scores of the segment were randomly shuffled among the RILs. A similar t-test was performed on the shuffled genotyping data for each trait and a p-value was obtained for each trait. The smallest p-value was then determined among the multiple p-values from the multiple traits’ tests. This procedure was repeated 1,000 times. 1,000 p-values were obtained for each of the tested segments. The original p-values of the multiple traits computed from the observed data of a given segment were compared to the 1000 p-values from the permutation test of this segment to generate adjusted p-values. 
 
Physical mapping of Mo17 sequences involved in apparently de novo CNV To determine the chromosomal location of paired reads, the mate-pair cluster mapping method was used. First, the individual reads from 5-kb Mo17 mate-pairs (1 lane from an Illumina/Solexa GA-IIx instrument) were separately mapped to the B73 reference genome. A mate pair was used for further analyses only if one and only one member of that mate pair uniquely mapped to an apparently de novo CNV segment (or within the 500 bp beyond either end of the segment because the actual endpoints of loss or duplication are not known with certainty) in the B73 reference genome. For each mate-pair of this type, if the other member mapped within 1 Mb of the same apparently de novo CNV segment, the pair was categorized as having similar locations in the B73 and Mo17 genomes (“locally mapped”). If the mapped location of the other member of a mate-pair was >1 Mb away or on a different chromosome, the mate-pair 
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was categorized as having different locations in the B73 and Mo17 genomes (“distally mapped”). The identification of multiple, independent distally-mapped mate-pairs clustered on a chromosomal region was considered evidence that the corresponding chromosomal segments in B73 and Mo17 are non-allelic. A “cluster” of mate pair reads was defined as consisting of  ≥2 independent non -stacked reads that mapped within <100 kb of each other and that covered >80 bp of the CNV segment. Two sets of segments (one from M00022 and one from M0023) were randomly selected as the controls. For each RIL, the number of randomly selected segments from each chromosome was equal to the number of identified apparently de novo CNV segments on that chromosome in the corresponding RIL.  
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Tables 
 
Table 1. Numbers of putative de novo CNV segments (genes in putative de novo CNV segments) derived from M0022 and M0023 
 M0023 Gain M0023 Loss No gain/loss in M0023 Total 
M0022 
Gain 2 (3) 0 (0) 2 (0) 4 (3) 
M0022 
Loss 3 (3) 7 (1) 53 (10) 63 (14) 
No gain/loss in 
M0022 11 (2) 107 (19) 0 (0) 118 (21) 
Total 16 (8) 114 (20) 55 (10) 185 (38) 
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Figures 
 
 
  
Figure 1. Distribution of putative de novo CNV on chromosome 1. The physical chromosomal position of each aCGH probe is plotted versus the log2 ratio of its hybridization signals in RIL M0023 and the appropriate parent (i.e., B73 or Mo17, (log2(RIL/B|M) see Methods). Probes that did or did not exhibit statistically significant signal losses or gains relative to both parents are highlighted in red and grey, respectively. Above the X-Y plot, the chromosomal regions from RIL M0023 that were derived from B73 and Mo17 based on genotyping experiments are color-coded in blue and green, respectively. These marker-based assignments of parental origin of chromosomal regions were inferred via segmentation of all aCGH probes that could be reliably classified as having B73-like or Mo17-like signals. Subsequently, a second segmentation was conducted to identify putative de novo CNV segments that are indicated in red. 
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Figure 2. Analysis of two apparently de novo CNV segments via aCGH and exome-Seq. (A) Coding regions of three genes from two genomic regions are illustrated by green boxes. (B) The log2 of the ratios of normalized probe signals between different genotypes from aCGH are plotted versus probe’s physical positions. Probes that did or did not exhibit statistically significant signal losses or gains relative to both parents are highlighted in red and grey, respectively. Probes in red represent putative de novo CNV probes. Comparisons were conducted between the RILs and the parent that contributed the relevant chromosomal segment. (C) Read counts from the exome capture experiment at each nucleotide position were normalized to reads per million reads (RPM) for each genotype.  
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Figure 3. The SNH Model for the origin of recurrent apparently de novo CNV. Identical or nearly identical DNA sequences are located on different chromosomes in the B73 and Mo17 genomes (non-allelic homologs). B73- and Mo17-derived chromosomes are indicated by blue and green, respectively. Filled boxes and open boxes containing a red “X” designate the presence and absence of a non-allelic homolog, respectively. This model is consistent with our finding that most recurrent apparently de novo CNVs exhibit losses in ~25% (2 loci) or ~12.5% (3 loci) of the RILs. It is also consistent with our finding that all of the 165 losses are embedded in Mo17-derived segments and that almost all (19/20) of the copy number gains are embedded in B73-derived segments (Figure 1). This model predicts that copy number losses and gain should occur at equal frequencies. We hypothesize that losses exceed gains due to ascertainment bias (i.e., copy number losses are more easily detected than copy number gains). 
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Figure 4. Determination of the allelic status in the B73 and Mo17 genomes of sequences 
that give rise to apparently de novo CNV. (A) Mo17 mate-pair reads with 5-kb of insertion were mapped separately to the B73 reference genome. Pairs with at least one read uniquely mapped to the apparently de novo CNV segments (red horizontal bars) and the other read were uniquely mapped to the reference genome were categorized to two types, locally mapped mate-pair (green horizontal bars) and distally mapped mate-pair (purple horizontal bars). Locally mapped mate-pair linked by a green line represents mate-pair reads that were mapped within 1Mb, while distally mapped mate-pair linked by a purple line represents mate-pair reads that were mapped at >1Mb distance or on different chromosomes. These rules were applied to draw 
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figures in the panels B, C, D, and E. (B-E) Mate-pair reads associated with the apparently de novo CNV segments and control segments from the indicated genotypes are color-coded as shown in panel A. Each line connects mapped locations of two Mo17 reads of each mate-pair at least one of which was uniquely mapped to the apparently de novo CNV segments of M0022 (B) and the apparently de novo CNV segments of M0023 (C), randomly selected segments simulating M0022 apparently de novo CNV segments (D) and randomly selected segments simulating M0023 apparently de novo CNV segments (E). The number of read pairs clustered was intensity-coded as shown in panel (A). The transparency factor for each line is 0.05. In panels B and C, the homoeologous sites of duplicated blocks derived from the ancestral whole genome duplication in the B73 reference genome are shown in grey. 
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CHAPTER 5. GENERAL CONCLUSIONS AND PROSPECTS OF POPULATION LEVEL ANALYSES OF STRUCTURAL VARIATION IN ZEA 
 Maize (Zea mays L. ssp. mays) is both an important crop and a model for genetic and genomic studies. The maize genome is highly repetitive and structurally diverse due at least in part to the presence of transposable elements that comprise >85% of its length (Fu & Dooner, 2002; P. S. Schnable et al., 2009). Prior to the array-CGH analyses described in this dissertation our knowledge about the Structural Variation(SV) of non-repetitive regions and the gene space of maize was quite limited. Our results demonstrate that even in non-repetitive regions, maize exhibits high levels of SV, including hundreds of Copy Number Variations (CNVs) and thousands of Presence-Absence variation (PAVs). Similar results were subsequently reported by other groups surveying additional inbred lines (Beló et al., 2010; Swanson-Wagner et al., 2010) or using different technologies such as Whole Genome Shotgun (WGS) re-sequencing (Chia et al., 2012) and RNA-seq (Hansey et al., 2012). In addition to CNVs and PAVs, our analyses and those of others identified Highly Conserved Regions (HCRs). CNVs, PAVs and HCRs are not evenly distributed in the genome.   We identified both SV (such as the ~2.6 Mb loss from chromosome 6 of Mo17 relative to B73) and conserved regions (such as a >10Mb HCR on chromosome 8 and the regions surrounding the tb1 and 
y1 genes). This mosaic structure may be the result of the combined effects of maize’s mating system and breeding practices. Open pollination can quickly spread SV throughout a population while breeding practice either artificially select certain loci (and nearby regions), such that in elite germplam certain genomic regions are actually inherited from a single ancestor (identity by descent, IBD) or a very limited number of ancestors.     Many PAVs that are present in one haplotype but absent from another contain intact, expressed, single-copy genes. Due to technological limitations, our CGH analyses could only discover those genes that exist in the reference genome but absent in other inbred lines. To overcome this limitation, Whole Genome Shotgun(WGS) sequencing, RNA-seq and Seq-capture were used to demonstrate that most maize inbred lines contain hundreds of "intact, expressed, single-copy genes" that are not present in the reference genome (Lai et al., 2010; Rustenholz, Ying and Schnable, unpublished data).  Over 70% of the CNVs and PAVs were shared among multiple lines. The majority of these shared CNVs and PAVs were observed in both maize and teosinte, suggesting that these variants existed before domestication and that there is no strong selection acting against them (Rustenholz, Ying and Schnable, unpublished data). Some of those common PAV genes co-segregate with major heterotic groups (Hansey et al., 2012), which is at least consistent with the hypothesis that they may contribute to heterosis. A large scale association study 
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showed that SVs are enriched at loci associated with important traits (Chia et al., 2012), suggesting that some of these SVs may actually be the causative effect of the diversity of those traits.   Although array-CGH based CNV/PAV detection achieved great success in the past 10 years as compared to karyotyping methods, the information that array-CGH can reveal is still limited. The probes of microarray are designed based on known sequence. The array-CGH strategy therefore is not suitable for de novo discovery of PAVs. Also, the complex relationship between the copy number and hybridization signals makes it impossible to determine absolute copy number. In this respect Next Generation Sequencing (NGS) technologies has advantages for detecting and characterizing SV(Alkan, Coe, & Eichler, 2011; Medvedev, Fiume, Dzamba, Smith, & Brudno, 2010). It can not only detect SNPs and small INDELs, but it also has the potential to detect other genomic aberration such as CNVs and PAVs (Xie & Tammi, 2009) and even more complex genomic rearrangements (Chen et al., 2009). For NGS-based SV discovery, genomic DNA is sheared into fragments, which are then partially sequenced (36-100 bp) from one end or more typically both ends. DNA sequences are mapped back to the reference genome or de-
novo assembled into contigs. Different types of sequence information such as read depth (RD), “polymorphisms” among paralogs (“paramorphisms”)(Emrich et al., 2007), pair end/mate pair length and aligned reads with extra large gap (split reads) are retrieved and combined with computational/statistical models to identify SVs(Rong Shen, 2012). Unlike array-CGH, which can only allow us to approximately define the region of SV, NGS-based methods can determine the exact boundaries of SV ("breakpoints"). With the relatively higher signal-to-noise ratio of NGS-based methods, attempts have been made to estimate absolute copy number of CNV in each sample and reconstruct the structure of each copy rather than only relative gain or loss(Medvedev et al., 2010).   In combination with recent advances in characterizing maize genome diversity, we estimate that the maize B73 reference genome may be missing thousands of genes relative to the entire gene space of 
Zea. Systematic surveys should be performed on non-reference inbreds to identify genes that are missing from the reference genome. The “Zeanome”, a near-complete set of genes present in Zea, is being defined using existing genomic sequences and newly discovered gene sequence data(P. S. ;Bren. B. N. L. Schnable, 2011).   It was recently demonstrated in humans that as a consequence of a lack of linkage disequilibrium (LD) many CNVs cannot be tagged well by nearby SNPs (Conrad et al., 2010). Highly efficient and cost saving genotyping methods must be developed for high throughput genotyping of these newly found genes in large populations such as the maize Nested Association Mapping (NAM) panel. The array-CGH based genotyping platform we used in chapter 3 is one candidate. But newly developed sequence based genotyping methods such as genotyping by sequencing (GBS) (Elshire et al., 2011), restriction-site-
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associated DNA sequencing (RAD-seq)(Baird et al., 2008) and reduced-representation libraries(RRLs) (Tassell et al., 2008)may be better choices (for review see Davey et al., 2011). With accurate, high-throughput genotyping methods, SVs can be genotyped and over the next few years used to test the hypothesis that SV contributes to variation in phenotypic traits.   The underlying mechanisms for the origin of most SVs are not clear yet. In the human genome most CNV formation is mediated by non-allelic homologous recombination (NAHR), or the corresponding expansion or extraction of variable numbers of tandem repeats (VNTR). But transposable elements such as helitrons may play a more important role in the maize genome (Lai, Li, Messing, & Dooner, 2005).  
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